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1.1 Food production and global warming 

 

The world's population, currently estimated at 7.6 billion people, is predicted to increase to 

approximately 8.6 billion by 2030, 9.8 billion by 2050, and 11.2 billion by 2100 (UN, 2017), 

making it imperative to increase food production to feed this growing population. However, it is 

widely known that greenhouse gases are emitted as a consequence of agricultural practices. The 

global average annual temperature has risen significantly due to the effects of greenhouse gases, 

and it is predicted that the temperature will increase by up to 5.7°C by the end of this century 

(IPCC, 2021). Carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), water vapor, ozone, 

and chlorofluorocarbons are among the substances that contribute to global warming. These 

substances absorb heat and increase the temperature of the atmosphere, the consequences of 

which include floods, typhoons, and droughts. The global warming potential of CH4 and N2O is 

28 and 273, respectively, and when these emissions are converted to CO2, the contribution of 

CO2, CH4, and N2O to total anthropogenic emissions is 76%, 16%, and 6.2%, respectively 

(IPCC, 2013). Most of the CH4 and N2O emissions are of agricultural origin (IPCC, 2021). 

 

Rice is a globally important crop as it is the staple food of more than half of the 

world's population and, in 2019, the global area of paddy fields was estimated at 162 million ha, 

accounting for approximately 11% of the world's arable land (FAOSTAT, 2019). It is widely 

known that paddy fields are a source of greenhouse gas emissions, especially CH4 (Schütz et al., 

1989; Minami, 1994; Cao et al., 1996). Of the world's three major cereal crops, rice cultivation 

emits more CH4 per ha compared to that of wheat and maize (Linquist et al., 2012) and accounts 

for approximately 11% of the global CH4 emissions from anthropogenic activities (Runkle et al., 

2019). Thus, as global warming is expected to continue in the future, it is necessary to 

implement countermeasures against global warming in the agricultural sector, particularly in 

relation to rice production. There are two main types of agricultural policies with regard to 

global warming: adaptation strategies and mitigation strategies. As the air temperature rises and 

the amount and timing of precipitation changes due to global warming, it is highly likely that 

rice yields will decrease because growth will be hindered if rice is planted in the same way as 

before (Tripathi et al., 2016). Examples of rice cultivation adaptation strategies that could be 

implemented in response to possible future changes in rainfall patterns and average 

temperatures include: (1) using rice varieties with a later cropping season to avoid high 

temperatures during the ripening period, thus preventing quality deterioration; (2) cultivating 

varieties that can be harvested in a shorter period to reduce the possibility of exposure to 

drought and high temperatures; and (3) appropriately managing the amount of water supplied to 
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paddy fields because it may become difficult to secure irrigation water when the timing of 

snowmelt or precipitation changes due to climate change. In addition, because rice paddies are 

one of the major sources of greenhouse gas emissions, mitigation strategies to reduce 

greenhouse gas emissions are also required. According to the Fifth Assessment Report of the 

IPCC (2014), mitigation strategies implemented in the agriculture, forestry, and other land use 

sectors are cost-effective and provide economic, social, and adaptive co-benefits. Therefore, 

efforts to reduce CH4 emissions from rice paddies for productive and sustainable rice cultivation 

are expected to contribute significantly to mitigating the impacts of climate change. 

 

1.2 Mitigation of CH4 emissions by water management 

 

Greenhouse gas emissions from rice paddy soils are controlled by redox reactions mediated by 

several soil microorganisms. Unlike the production of CO2 and N2O, which can occur under 

both aerobic and anaerobic conditions, CH4 production proceeds only in anaerobic 

environments (Yagi and Minami, 1990). When paddy fields are flooded, water covers the soil 

and prevents air from entering it. As a result, oxygen, which was abundant in the soil before 

flooding, decreases in availability, and the environment eventually shifts to one suitable for CH4 

production. Thus, the amount of oxygen or the amount of soil moisture has a key influence on 

the redox state of the soil. Therefore, irrigation plays an important role in the control of 

greenhouse gas emissions. 

 

It is an old practice in Japan that many farmers try to dry their fields for approximately 

a week (mid-term drainage) and irrigate them intermittently after that (Kanno et al., 1997). The 

purpose of this practice is to increase yield (1) by aeration of the roots to increase root vigor, 

and facilitate root penetration into the subsoil to prevent toppling and increase weather 

resistance; (2) by suppression of the supply of ammonia nitrogen to prevent excessive tillering; 

and (3) by hardening the soil, thus improving workability for top-dressing and harvesting (Leon 

et al., 2015). As a result, this water management practice has been shown to reduce CH4 

emissions (Yagi et al., 1996). However, in rice cultivation in Southeast Asian countries, 

continuous-flooding water management is customary, and tends to lead to the development of 

soils in a strong reducing state, which supports CH4 production. Therefore, draining water more 

than once during the rice cropping season to create an oxidized soil state is expected to result in 

reduced CH4 emissions (Yagi et al., 1996; Wassmann et al., 2000). To this end, an intermittent 

irrigation method termed alternate wetting and drying (AWD; Lampayan et al., 2015a) has 

attracted much attention in recent years (see Chapter 2). 
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1.3 Efforts in Vietnam 

 

Vietnam, one of the countries where rice is a staple food, is the fifth largest rice producer in the 

world, accounting for approximately 6% of the total production (FAOSTAT, 2019). Coarse 

water management may affect water and air quality through water pollution caused by fertilizer, 

pesticide runoff, and greenhouse gas emissions. Regarding greenhouse gases, Vietnam is 

reported to account for approximately 5% of the CH4 emitted from rice paddies worldwide 

(FAO, 2017). In Vietnam, rice cultivation accounts for up to 51% of agricultural and 16% of 

total anthropogenic greenhouse gas emissions; of these, CH4 is a major contributor, raising 

concerns about CH4 emissions from rice paddies and promoting social demands for the 

implementation of agricultural mitigation strategies (MONRE, 2014). The rice paddy area in the 

Red River Delta is one of the major rice-growing regions in Vietnam, and substantial efforts are 

being made to implement mitigation strategies in the agricultural sector in this region 

(UNFCCC, 2015). As rice cultivation is conducted two to three times a year in Southeast Asian 

countries, including in the Red River Delta region in Vietnam, the practice of environmentally 

friendly management in paddy areas is important and has become the focus of research. 

 

Most farmers in Vietnam’s Red River Delta region are small-scale farmers with less 

than 0.5 ha of farmland and high labor input for cultivation (Tuan and Satoh, 1998). A major 

problem in these farmlands is the lack of water supply in most downstream plots due to 

inadequate coordination between water management organizations and farmers, and the lack of 

adequate secondary and tertiary canals despite the availability of primary irrigation facilities. To 

provide sufficient water to each field, farmers are forced to use additional labor inputs or, more 

recently, use portable pumps to obtain water from adjacent canals. In this context, it is essential 

to improve irrigation and drainage systems to increase land and labor productivity (Tuan and 

Satoh, 1998). Thus, the improvement of irrigation systems in rice paddies in Vietnam will 

benefit rice production in this country, and the study of environmentally friendly and water-

saving management practices is expected to provide useful knowledge not only applicable to 

rice production in Vietnam but also in neighboring countries at similar stages of development. 

 

1.4 Research problems 

 

Alternate wetting and drying has been researched for its potential to reduce CH4 emissions; it 

has also attracted attention as a water-saving irrigation method to effectively utilize limited 

water resources. However, past studies on AWD have been conducted on a relatively small scale, 

such as in pot tests and test plots, and few studies have applied AWD to actual farmland to 
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promote this practice in general. This is because AWD does not provide any direct benefits to 

farmers, such as increased yields. In the paddy field regions of Southeast Asia, which account 

for 27% of the world’s paddy field area, there is a need to implement environmentally friendly 

water management using AWD over a wide area and to quantitatively evaluate the effect of 

AWD on reducing greenhouse gas emissions. 

 

1.5 Research objectives 

 

This study aimed to formalize ponding management by intermittent irrigation to reduce CH4 

emissions from rice paddies as a global warming mitigation strategy in the agricultural sector. 

The research was conducted in the field (Red River Delta, Vietnam) and in laboratory tests, and 

the specific objectives were to: 

 

1. Study the feasibility of organized AWD water management at the district level in the rice 

paddies of the Red River Delta in Vietnam and to establish a system that enables organized 

water management by water management organizations given that it is difficult to ask 

individual farmers to manage water in an environmentally friendly way. 

2. Determine the effects of organized AWD water management by water management 

organizations on ponding depth, greenhouse gas emissions, and rice yield. 

3. Draft a concrete ponding water management schedule for mitigation of CH4 emissions 

considering the CH4 production mechanism based on the ponding depth, soil redox potential, 

and CH4 flux data obtained from the experimental plots. 

4. Estimate the CH4 emission mitigation effect and water-saving effect of the draft ponding 

water management schedule. 

5. Investigate the effect of the infiltration rate, which is considered to affect the schedule, on 

CH4 emission and redox condition in the soil during AWD application through rice 

cultivation in pots under different infiltration rates. 

 

1.6 Outline of the thesis 

 

This thesis consists of six chapters: a general introduction, a review of previous studies, three 

main chapters, and a summary. A brief description of the contents of each chapter is provided 

below. 

 

Chapter 1 describes the background, research problems, and objectives of the study. 

Chapter 2 contains a review of previous studies, with a focus on the mechanisms that underly 
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the production of CH4 in paddy soils and its emission from these soil to the atmosphere, the 

approaches that exist to mitigate CH4 emissions, and the nature of AWD water management. 

Chapter 3 reports that district-level organized AWD water management is feasible in rice paddy 

areas in the Red River Delta of Vietnam, and clarifies the effects of this organized water 

management on ponding depth, CH4 and N2O emissions, and rice yield. In Chapter 4, the 

importance of providing farmers and water managers with a concrete ponding management 

schedule for sustainable organized water management is discussed. Draft ponding management 

schedules to mitigate CH4 emissions considering the CH4 production mechanism, and based on 

the field observation data (ponding depth, soil redox potential [Eh], and CH4 flux), are described. 

In addition, estimates of the effect of the schedules on the suppression of CH4 emissions and the 

effect of water conservation are presented. Chapter 5 reports on the effects of infiltration rate on 

the soil redox conditions and associated CH4 emissions to the atmosphere, which are considered 

to be factors that affect the schedules. These effects were investigated by pot cultivation tests on 

rice plants because the formulated ponding management schedules are area specific. Chapter 6 

provides a summary of the study, with a focus on what has been found so far and the issues that 

require clarification in future research. 
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2.1 Paddy soil CH4 emissions 

 

2.1.1 Mechanisms of CH4 production in paddy soil 

 

Rice paddies are a non-negligible source of CH4, a greenhouse gas (Conrad, 2002). Asia 

accounts for approximately 88% of global CH4 emissions from rice paddies (FAO, 2017), 

making the control of rice paddy CH4 emissions an important issue for Asian countries. To 

address this issue, there has been a substantial increase in the number of studies measuring CH4 

fluxes in paddy fields under different conditions, in different regions, and at different times of 

the year. In publications of previous field and laboratory studies, the researchers have speculated 

about the major factors that affect CH4 emissions, with the most important factors considered to 

be soil type, rice variety, temperature, soil redox potential (Eh), water management, and 

organic carbon and nitrogen fertilization (Conrad, 2002). 

 

 Methane-producing bacteria (methanogens) in paddy soil are obligate anaerobes, that 

are activated under strong reducing conditions in the soil. After flooding, the amount of 

molecular oxygen in the soil decreases due to the metabolic activity of aerobic bacteria, and the 

Eh decreases accordingly. Thereafter, the reduction of NO3
− to N2 or N2O by denitrifying 

bacteria (denitrification) becomes the dominant process. With a further decrease in Eh, iron-

reducing and sulfate-reducing bacteria begin to compete with the methanogens for hydrogen 

(H2), and the amount of H2 increases again once the ferric ions (Fe3+) and sulfate (SO4
2−) are 

depleted. The formation of CH4 begins when the Eh reaches −150 to −200 mV (Wang et al., 

1993; Yagi and Minami, 1993). Thus, all these reactions are mediated by soil microorganisms. 

Subsequently, the rate of CH4 production becomes temporarily constant as the amount of 

substrate H2/CO2 and acetic acid decreases, and CH4 production is eventually suppressed 

(Conrad, 2002). The presence of high amounts of readily degradable organic substrates 

(including acetate, formate, methanol, and methylamine) and low amounts of NO3
−, Mn4+, Fe3+, 

and SO4
2− (electron acceptors) in the soil results in high CH4 production (Wassmann and Aulakh, 

2000). 

 

Soil temperature also affects greenhouse gas emissions from the soil. However, under 

actual field conditions, the effects of water content and temperature are so complex that it is 

difficult to evaluate their effects in isolation (Fang and Moncrieff, 2001). As soil temperature 

increases, microbial metabolism increases, and as a result, the production and emission of CH4 

and N2O also increase (Butterbach-Bahl et al., 2013). The effect of temperature change on the 
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amount of gas emitted from the soil has been evaluated using the temperature coefficient (Q10). 

This represents the number of times the reaction rate increases when the temperature increases 

by 10°C (Meyer et al., 2018). Dunfield et al. (1993) studied CH4 production under anaerobic 

conditions in a slurry of peat samples at different temperatures (0−35°C) and pH values (pH 

3.5−8). According to their experiments, CH4 production is negligible in the 0−10°C range, the 

optimum temperature is approximately 25°C, and the Q10 value of CH4 production is 5.3−16. 

 

2.1.2 Methanogens 

 

Methane production can be attributed to microbial or geothermal decomposition of organic 

matter. In the context of the three domain classification system of organism (Bacteria, Archaea, 

and Eukarya), methanogens fall into the domain Archaea. Archaea are unicellular organisms 

with a cell size of approximately 1 µm, which are indistinguishable from Bacteria in terms of 

their cell shape and size. Although Archaea are prokaryotes without nuclei, their biochemical 

properties are more similar to Eukarya than to Bacteria. Methanogen habitats range from 

extreme environments such as hydrothermal vents in the ocean to places close to our living 

environments such as marine sediments, soils, rice paddies, digestive tracts of ruminants and 

termites, wetlands, and lake sediments. Most methanogens are mesophilic and can produce CH4 

at temperatures ranging from 20 to 40°C (Dubey, 2005). Methanogens can be divided into those 

that use only H2 and CO2, those that use only acetic acid, those that use methyl compounds such 

as methanol and methyl diamine, and those that use lower alcohols such as ethanol. Of these, 

hydrogenotrophic methanogens that use only hydrogen and carbon dioxide (some can use 

formic acid),  and aceticlastic methanogens that use acetic acid, play a particularly important 

role in the production of CH4 from organic matter (Conrad, 1999), accounting for approximately 

20% and 80% of methanogens, respectively (Malyan et al., 2016). The decomposition of 

organic matter to gas in the CH4 production process proceeds in three stages (Shigematsu et al., 

2009). In the first stage of the acid production process (liquefaction process), complex organic 

matter is transformed by the action of acid-producing bacteria into small molecular weight 

substances such as monosaccharides and amino acids, followed by acetic acid and lower fatty 

acids such as propionic acid and butyric acid, and then lactic acid and ethanol. In the second 

stage, lower fatty acids other than acetic acid, lactic acid, and ethanol are converted into 

hydrogen and acetic acid by hydrogen-producing bacteria, and in the third step, they are 

decomposed into CH4 and CO2 by methanogens with strong substrate specificity. Two pathways 

are considered for CH4 production from acetic acid: (1) a reaction by acetic acid-utilizing 

methanogens (Table 2.1 [reaction 1], Fig. 2.1), and (2) a thermodynamic symbiosis between 

acetic acid-oxidizing bacteria and hydrogen-utilizing methanogens (Table 2.1 [reaction 4]). The 
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order Methanosarcinales is reported to contain acetate-utilizing methanogens capable of 

performing reaction 1 (Table 2.1) (Yuan et al., 2018). In contrast, the decomposition of 

propionic acid to acetic acid proceeds via a thermodynamic symbiosis reaction between 

propionate-oxidizing bacteria and hydrogen-utilizing methanogens (Table 2.1 [reaction 6]).  

 

 

Table 2.1 Degradation reactions of acetate and propionate under methanogenic conditions 

(Shigematsu et al., 2009) 

(1) Aceticlastic methanogens CH3COO
− + H2O → CH4 + HCO3

− 

(2) Acetate-oxidizing bacteria CH3COO
− + 4H2O → 2HCO3

− + 4H2 +H+ 

(3) Hydrogenotrophic methanogens 4H2 +HCO3
− + H+ → CH4 + 3H2O 

(4) Reaction (2) + (3) CH3COO
− + H2O → CH4 + HCO3

− 

(5) Propionate-oxidizing bacteria 
CH3CH2COO

− + 3H2O 

→ CH3COO
− + HCO3

− + 3H2 + H+ 

(6) Reaction (3) × 3 + (5) × 4 
4CH3CH2COO

− + 3H2O 

→ 4CH3COO
− + 3CH4 +HCO3

− + H+ 

(7) Reaction (6) + (1) × 4 4CH3CH2COO
− + 7H2O → 7CH4 + 5HCO3

− + H+ 

 

 

Fig. 2.1 Reduction reaction and flow of CH4 produced in flooded paddy soil 
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The orders Methanocellales, Methanomicrobiales, and Methanobacteriales are reported to 

contain hydrogen-utilizing methanogens (Yuan et al., 2018). 

 

A method used to quantify the presence of methanogens in soil involves the 

measurement of the amount of the mcrA gene, which is unique to methanogens. Watanabe et al. 

(2010) investigated the number of mcrA genes in the depth direction in soil and observed that 

the distribution of methanogens was similar to that of rice roots. Ma et al. (2012) studied the 

relative amounts of mcrA genes and mcrA transcripts in soil over time by growing rice plants in 

continuously flooded and intermittently irrigated pots. Their results showed that the relative 

amounts of the mcrA gene in the soil are not affected by water management; however, the 

amount of transcripts is reduced by drainage. This biological approach to determining soil 

methanogen content also indicates that drainage inhibits CH4-producing activity in the soil. 

 

2.1.3 Oxidation and emission of CH4 and the effect of rice plants 

 

The amount of CH4 emitted into the atmosphere is the difference between the amount of CH4 

produced in the soil and the amount oxidized (Satpathy et al., 1997). Methane-utilizing bacteria 

(methanotrophs) generally use CH4 or methanol as an energy source (Semrau et al., 2010). 

Because O2 is also required for the oxidation of CH4, these bacteria proliferate and are active at 

the aerobic-anaerobic interface where both CH4 and O2 are present. In rice paddies, this 

environment is generally found in the rhizosphere and in a thin layer of topsoil (Liesack et al., 

2000). Up to 80% of the CH4 produced in the soil is oxidized before being emitted to the 

atmosphere (Malyan et al., 2016). Methane is more easily oxidized in soils planted with rice 

than in soils without rice plants, because O2 is supplied to the roots through the rice plant body 

(Wassmann and Aulakh, 2000). 

 

 Methane is present in gaseous or dissolved forms in paddy soils (Tokida et al., 2005). 

However, because CH4 is not in ionic form, its solubility is as low as 17 mg in 1 L of water at 

35°C (Malyan et al., 2016), and it is thought to exist mostly as a gas. Methane is emitted from 

rice paddy soil to the atmosphere in three ways: ebullition, diffusion, and transport within the 

rice plant (Fig. 2.1). 

 

Diffusion and ebullition are both physical processes; however, diffusion is slower than 

ebullition and contributes less to CH4 emission from soil because of the lower solubility of CH4 

in water (Malyan et al., 2016). Ebullition involves the emission of CH4 as bubbles (Green, 

2013), and is observed particularly during the early stages of rice growth (Wassmann et al., 
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1996). Seasonal variation in the amount of ebullition generally follows a bimodal pattern 

throughout the cropping season. In the middle stage of growth, CH4 transport through the 

aerenchyma of the rice plants increases and the amount of CH4 trapped in the soil decreases, 

resulting in a decrease in the amount of ebullition; however, in the late growth stage, CH4 

production shows high activity due to the supply of organic matter from the plant (Wassmann 

and Aulakh, 2000), resulting in an increase in the amount of trapped CH4 and an associated 

increase in ebullition (Wassmann et al., 1996). 

 

The transport of CH4 within rice plants is a biological process, which occurs via the 

aerenchyma. The main function of the aerenchyma is to deliver O2 to the roots; however, CH4 

also moves through the cells of this tissue but in the opposite direction to O2 (Nouchi et al., 

1990). Approximately 90% of the CH4 emitted from rice paddies during the cropping season is 

transported within the rice plants (Schütz et al., 1989; Setyanto et al., 2004). During the process 

of CH4 transportation from the roots to the aboveground zone, CH4 dissolved in soil water in the 

rhizosphere first diffuses into the cells of the root cortex along a concentration gradient. Cracks 

at the junction of the main root and root hairs are the main entry points for CH4 (Wassmann and 

Aulakh, 2000). After entering the plant, CH4 is gasified in the root cortex and transported to the 

aboveground zone via the aerenchyma. Finally, CH4 is emitted into the atmosphere from various 

parts of the rice plant (Nouchi et al., 1990). 

 

The rice crop itself also influences CH4 production to varying degrees depending on its 

growth stage. Rice plants not only enhance soil anaerobiosis by consuming O2 in the 

rhizosphere via respiration, but also influence the soil Eh and CH4 production by supplying 

carbon and energy sources to rhizosphere microorganisms as organic compounds (electron 

donors) from readily degradable organic substrates in the root exudates and shed root tissues 

(Wassmann and Aulakh, 2000). In general, the secretion of root exudates is maximal during the 

vegetative stage of the rice crop, and peak CH4 production is observed to coincide with the 

vegetative stage (Suryavanshi et al., 2013). 

 

2.2 Methods to control CH4 emissions 

 

Fertilizer management, soil organic matter management, rice variety selection, rice planting 

methods, and water management are some of the techniques used to mitigate CH4 emissions 

from rice paddies. However, the implementation of each of these mitigation measures must take 

cognizance of the following: It is noted that farmers' consent is important when considering the 

field application of new technologies such as those listed above, and in some cases, obtaining 
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this consent may be a constraint (Sánchez et al., 2016). Each farmer has a customary way of 

cultivating rice, and new techniques that are not yet widespread may be perceived as not good 

(Sanz-Cobena et al., 2017). In addition, if the management practices are difficult, misuse may 

further reduce yields, which would exacerbate negative impressions about the new technology. 

Therefore, it is important to develop technologies from the perspective of who will be using 

them. 

 

2.2.1 Methods other than water management 

 

2.2.1.1 Fertilizer management 

 

Fertilizers added to the soil are not always effective for supporting crop growth, and proper 

management of the amount and type of fertilizer application is important for reducing the 

impact of greenhouse gases emitted from paddy fields (Hussain et al., 2015). For example, Cai 

et al. (1997) have shown that the application of ammonium sulfate (100 and 300 kg N ha−1) in 

paddy fields under intermittent irrigation reduces CH4 emissions by 42%−60% compared to the 

control (0 kg N ha–1), a finding attributed to substrate competition between sulfate-reducing and 

methanogenic bacteria (Denier van der Gon et al., 2002). In addition, Dong et al. (2011) have 

reported that the addition of ammonia-based non-sulfate fertilizers 150 kg N ha−1 (base fertilizer 

and one additional fertilizer) and 250 kg N ha−1 (base fertilizer and two additional fertilizers) to 

rice soils reduces CH4 emissions by 38%−49%. Nitrogen fertilizer activates methanotrophs, 

which results in higher CH4 oxidation in paddy soils (Banger et al., 2012). It has been noted that 

the application of N fertilizer may increase N2O emissions instead of decreasing CH4 emissions 

(Pittelkow et al., 2013), and this trade-off between the production of CH4 and N2O must be 

taken into account. 

 

 To address this trade-off, studies have been conducted to investigate the reduction of 

both CH4 and N2O emissions from paddy fields by adding nitrification inhibitors or slow-acting 

N fertilizers. Nitrification inhibitors reduce N2O emissions by decreasing the amount of 

nitrification and the amount of nitric acid required for denitrification (Hussain et al., 2015). Xu 

et al. (2002) showed that the combined addition of hydroquinone, which inhibits the action of 

urease in hydrolyzing urea to CO2 and ammonia, and dicyandiamide, a nitrification inhibitor, 

reduces N2O and CH4 emissions. They stated that Eh values in the rhizosphere of rice plants 

increase in the presence of dicyandiamide, resulting in a decrease in CH4 emissions. 
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2.2.1.2 Soil organic matter management 

 

As CH4 production in paddy soil requires organic matter as a substrate for methanogens, CH4 

emissions can be controlled by managing the amount of organic matter in the soil. According to 

Wassmann et al. (2002), when comparing the emission of CH4 associated with the same cultivar 

grown with and without rice straw addition, the average CH4 emission increased by 3.8 times 

under conditions where rice straw was added at a rate of 5 t ha−1 during the wet season, and by 

3.6 times under conditions where rice straw was added at a rate of 3 t ha−1 during the dry season. 

Therefore, removal of post-harvest residues of the previous crop or addition of organic matter 

after pre-cultivation composting could reduce CH4 emissions. However, it has been pointed out 

that removing post-harvest residues after each crop may reduce soil organic matter in the long 

term, which may have a significant impact on soil fertility, or at the same time reduce the carbon 

sequestration potential of the soil and cause net emissions of CO2 to the atmosphere (Yagi et al., 

2020). 

 

 Biochar, which is carbonized organic matter such as agricultural and forestry wastes, 

waste wood, and food wastes, has attracted attention as a technology for reducing greenhouse 

gas emissions (Feng et al., 2012; Ly et al., 2014). As there are various types of biochar, further 

research is needed to understand the greenhouse gas reduction effects of different biochar 

qualities (related to the raw materials and preparation methods), utilization methods, and 

decomposition rates (Yagi et al., 2020). Biochar is generally expected to increase soil fertility 

and improve rice growth and yield because of its high porosity and capacity to retain water and 

nutrients (Bhattacharjya et al., 2016). However, care should be taken regarding the type of 

organic matter used and the amount applied because many experiments have shown that the 

field application of compost without sufficient composting can increase the release of CH4. 

 

2.2.1.3 Rice variety selection 

 

Mitigation strategies have also been proposed using a breeding approach. The CO2 absorbed by 

the rice leaves and stems is converted into sugars through photosynthesis. These sugars are used 

to produce starch in the shoots, roots, and seeds. In general, the higher the photosynthetic 

activity, the higher the biomass production, and the greater the allocation of products to each 

part of the plant (i.e., shoots, roots, and seeds): thus, biomass production and the associated 

emission of excess carbon to the soil and CH4 production are proportional to the amount of solar 

radiation that the plant receives (Sass and Cicerone, 2002). However, following the report that 

higher CH4 emissions are observed in the wet season, when solar radiation is lower than in the 
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dry season (Corton et al., 2000), Denier van der Gon et al. (2002) showed that cutting rice 

spikelets at various rates to reduce their capacity to store photosynthetically fixed carbon in the 

grain results in lower grain yields and redistribution of some of the carbon that would have been 

transferred to the grain for CH4 production. They stated that these results suggest that CH4 

emissions can be reduced by optimizing rice productivity. In other words, larger rice grains and 

higher starch content mean that less carbon is transported to the soil and converted to CH4. 

 

 Su et al. (2015) developed SUSIBA2 rice by introducing a single transcription factor 

gene, barley SUSIBA2, into rice. This has resulted in rice plants that show a greater distribution 

of photosynthates to the above-ground biomass (reflected as increased starch content) than to 

the roots. Field tests conducted over a three-year period in China showed that SUSIBA2 rice 

cultivation results in a significant reduction in CH4 emissions and a decrease in methanogenic 

bacterial levels in the rhizosphere. The development of rice varieties, such as SUSIBA2 rice, 

that show a combination of high productivity and low CH4 emissions may increase in the future. 

 

2.2.1.4 Rice planting methods 

 

Direct seeding of rice is the practice of growing rice by sowing seeds in the field, rather than 

transplanting seedlings grown in a nursery into the field. There are three methods of direct rice 

seeding: dry seeding (sowing dry seeds into dry soil), wet seeding (sowing pre-germinated seeds 

on wet puddled soils), and water seeding (sowing seeds into standing water) (Farooq et al., 

2011). The reason why CH4 emission can be suppressed by direct seeding is because the soil is 

in an oxidized state due to the absence of flooding, especially during the early crop growth 

stages (Kumar and Ladha, 2011). Dry seeding has been the dominant method used in 

developing countries since the 1950s (Pandey and Velasco, 2005), and requires less labor than 

transplanting cultivation because it does not require watering or transplanting seedlings into the 

paddy fields. Therefore, direct seeding cultivation is appropriate when wages are high and the 

amount of available irrigation is insufficient; conversely, transplanting cultivation is appropriate 

when wages are low and sufficient water exists. There are some disadvantages of direct seeding 

cultivation which may result in lower yields, including weeds that tend to thrive and are costly 

to control (Rao et al., 2007), uneven nitrogen fertilization, and deficiencies of micronutrients 

such as Zn and Fe caused by high infiltration rates (Saleque and Kirk, 1995; Gao et al., 2006). 

 

 In most parts of the world, direct seeding was replaced by transplanting in the 1970s 

(Kumar and Ladha, 2011); however, there are reported cases where CH4 emission is suppressed 

by adopting direct seeding cultivation. For example, in a field experiment in the Philippines 
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(Corton et al., 2000), the emission of CH4 was compared among the treatments: direct seeding 

and transplanting under dry and wet seasons, and under water management conditions of 

continuous flooding and mid-term drainage, and the results showed that direct seeding reduces 

emissions by 12%−49%, where direct seeding with mid-term drainage in the wet season has the 

highest reduction. Susilawati et al. (2019) also compared the effects of direct seeding and 

transplanting cultivation on CH4 and N2O emissions in an experimental field in Indonesia 

during the wet season, and found that CH4 emissions are 47% lower under direct seeding 

cultivation. In rice paddy soils, there is a trade-off between N2O and CH4 production, and 

whereas the possibility of increased N2O emissions due to lower water usage during initial 

cropping under direct sowing cultivation occurs, no significant differences were found in this 

experiment. Li et al. (2019) showed that higher planting densities under direct seeding 

cultivation result in higher rice production, which in turn increases the emission of CH4. 

 

2.2.2 Water management methods 

 

2.2.2.1 Paddy water management in Japan 

 

Paddy water management methods include shallow flooding, deep flooding, intermittent 

irrigation, and mid-term drainage, and their expected effects are shown in Table 2.2 (NARO, 

2021). Deep flooding is used when the priority is to maintain the temperature of the rice, and 

intermittent irrigation is used to maintain the vitality of the roots by supplying oxygen. 

Therefore, water management is an important technology for controlling rice growth, and it is 

necessary to select a water management method that is appropriate for the growth conditions 

and growth environment of rice. The general rice paddy water management system 

implemented in Japan is illustrated in Fig. 2.2 and described as follows (NARO, 2021). 

 

Table 2.2 Rice paddy water management approaches and their effects on growth and the 

growing environment (NARO, 2021) 

Water management Heat keeping Promoting tillering Nutrient uptake Oxygen supply 

Shallow flooding Medium High High None−Low 

Deep flooding High None−Low Medium Low 

Intermittent irrigation Low Medium Medium Medium 

Mid-term drainage None−Low None−Low None−Low High 
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Fig. 2.2 General rice paddy water management system in Japan (NARO, 2021) 

 

 

Rooting stage 

 The optimum temperature for rice plant rooting is 25−30°C. To hasten rooting under 

low-temperature conditions, it is important to keep the water temperature as high as possible by 

ponding depth management. The ponding depth should be kept shallow (3−4 cm) during the day 

to raise the water temperature, and should be increased to approximately 5 cm at night. During 

the rooting stage, low temperatures and wind not only delay rooting, but also cause plant 

damage due to forced evapotranspiration and physical damage to the seedlings, and in severe 

cases, the seedlings die. Under such conditions, as a protective measure, the ponding water 

should be deep enough to cover three-quarters of the height of the seedlings. 

 

Tillering stage 

 One of the key objectives of water management during the tillering stage is to secure 

early vigorous tillering from the second to the fifth nodes, which have high productivity. To 

meet this objective, shallow water management is implemented and a depth of approximately 3 

cm is maintained to promote tillering, as well as to cause an increase in water temperature 

during the day and a decrease at night to increase the daily temperature difference. However, 

since shallow water management promotes the reduction of paddy soil, intermittent irrigation 

should be applied on warm days in rice fields where there is continuous use of rice straw or 

poor drainage. 
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Tillering stage to panicle formation stage 

 During the tillering to panicle formation stages, control of ineffective tillering is 

important to strengthen disease resistance and lodging resistance in order to improve rice 

growth by suppressing excessive nitrogen absorption. Therefore, when the target number of 

tillers is reached, the soil should be dried (mid-term drainage). The mid-term drainage not only 

has the effect of improving rice growth, but also increases the soil bearing capacity and 

improves the efficiency of mechanical work. The degree of drying is based on the extent to 

which small cracks of 1 cm or less in width appear on the surface of the field; however, drying 

should be intensified in straw-fertilized fields or fields with excessive growth, and shortened in 

fields with poor growth. After drying, intermittent irrigation is implemented to supply water and 

oxygen alternately to avoid reducing the vitality of the rice plants. Because the reduction 

division stage is the most susceptible to sterility damage caused by low temperatures, when low 

temperatures are expected, the panicles should be protected by deep flooding. 

 

Heading stage 

 Immediately after emergence, ears are susceptible to physical damage, and 

disturbances in the physiology of water in the rice plant body can also affect flowering and 

fertilization. Therefore, sufficient flooding should be maintained during the heading stage. 

 

Ripening stage 

 After flowering, the rice crop is irrigated intermittently to promote the development 

and elongation of branching roots and to maintain root vigor. Drainage before harvesting should 

be performed approximately 30 days after heading to enable machines to enter the fields. 

However, the later the field is drained, the better the yield and quality improvement, and the 

timing of drainage should be determined by the harvest date and soil moisture conditions. 

 

2.2.2.2 Alternate wetting and drying 

 

Alternate wetting and drying is an intermittent irrigation method developed for water 

conservation, and is a water management technique that involves repeated flooding and non-

flooding (Lampayan et al., 2015a). This method has been reported to reduce irrigation water 

requirements (Oo et al., 2018a), reduce surface water drainage, and control runoff of fertilizer 

components by surface water drainage without reducing yield (Liang et al., 2013). The 

International Rice Research Institute (IRRI) has promoted AWD as a water-saving technology 

for rice cultivation via its national agricultural research in Bangladesh, the Philippines, and 

Vietnam. 
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 When implementing AWD, a polyvinyl chloride pipe with holes drilled into the wall is 

often inserted into the field to facilitate water depth checking. The holes in the pipe wall enable 

water to enter the pipe from the surrounding area to indicate the water level above and below 

the ground surface. When the water level reaches 15−20 cm below the surface, irrigation is 

applied, and the field is flooded to a depth of approximately 5 cm. Drying before and after the 

heading stage lowers the rate of rice ripening and significantly reduces the yield (Matsushima, 

1962). To control weed growth, intermittent irrigation should be started 1−2 weeks after 

transplanting. Therefore it is important to avoid drying the soil during these periods. 

 

 The process of AWD periodically oxidizes paddy soils and has been reported to have 

many benefits with regard to the reduction of CH4 emissions (Begum et al., 2019; Fertitta-

Roberts et al., 2019; LaHue et al., 2016; Setyanto et al., 2018; Tirol-Padre et al., 2018). Runkle 

et al. (2019) conducted a 3-year experiment in rice fields in central Indonesia to investigate the 

feasibility of AWD during both wet and dry seasons. Their results showed no significant 

difference in rice yield between the AWD and continuous flooding treatments during both the 

wet and dry seasons. However, AWD significantly reduced the total CH4 emission to 35%−38% 

of that associated with continuous flooding. This study showed that the AWD system is effective 

even in the wet season because the study area is located on an upland and well-drained plateau. 

 

 There are several reports on the water-saving effects of AWD, and related studies have 

been conducted not only in Asian countries such as Vietnam, India, China, Thailand, and the 

Philippines, but also in Europe, South America, and Africa (Carracelas et al., 2019; Jalindar et 

al., 2019; Lagomarsino et al., 2016; Lampayan et al., 2015b; Liang et al., 2016; Shaibu et al., 

2015; Son et al., 2008). The water-saving effect of AWD varies by region and season (high or 

low precipitation); for example, 4.5% in Thailand under full water level control (Sriphirom et al., 

2019) and 79.8% (Oo et al., 2018b) in India during the monsoon season. 

 

 To implement mitigation strategies using water management practices, certain 

irrigation and drainage systems must be in place. Less than half of the paddy fields in Southeast 

Asia are irrigated (approximately 42%; Redfern et al., 2012), of which Malaysia has the highest 

percentage (75%), whereas Lao PDR has the lowest percentage (11%), and Vietnam has a 

higher than average percentage (65%). In the future, it will be important to increase irrigation 

and drainage installations to mitigate global warming by practicing environmentally friendly 

water management. 
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2.2.2.3 Organizational water management 

 

It is difficult to promote the use of mitigation strategies based on water management unless 

there are direct benefits for each of the farmers who manage the paddy fields. Therefore, the 

implementation of a water management system that operates on an organizational, rather than 

on a farmer-by-farmer basis, can be expected to be more effective at reducing the emissions of 

greenhouse gases. 

 

 Examples of organizational water management systems that are currently operating 

effectively are termed subak organizations in Bali, Indonesia, muang fai groups in northern 

Thailand, and land improvement districts in Japan (MAFF, 2003). A subak is a water users’ 

community organization, and the name is derived from the word seuwak, which means 

distribution of running water. Each subak organization determines policies such as the start of 

cropping, sets the dates of rituals, and also takes responsibility for the repair of irrigation 

facilities (Saptom et al., 2015; Jansing et al., 2020). The area of paddy managed by one 

organization ranges from 2−500 ha, and there are approximately 1,600 subak organizations 

throughout Bali. Muang fai groups are responsible for water allocation, maintenance of 

irrigation facilities, and mediation of water use disputes, and there is an organization for each 

small river in northern Thailand (Ounvichit et al., 2006). The muang fai system functions on 

fairness, based on a code called sanya. In Japan, irrigated rice cultivation has been practiced for 

a long time, and irrigation was managed by water users’ associations based in village 

communities until after World War II (Tanaka and Sato, 2005). At this time, there were various 

conflicts over irrigation water among the water users' associations due to unequal water 

allocation, that is, differences in the amount of irrigation water available upstream and 

downstream. However, with the enactment of the Land Improvement Act in 1949, land 

improvement districts were established, and the rights of irrigation management were 

transferred from each water users’ association to the land improvement district. Currently, the 

land improvement districts initiative is regarded as an example of a successful farmer 

participatory water management system (Tanaka and Sato, 2005). 

 

According to the definition of the Land Improvement Act, a land improvement district is an 

organization established for the purpose of undertaking land improvement projects, including 

the construction, improvement, and management of irrigation and drainage facilities, and the 

integration of agricultural lands within a district. The requirements for establishing a land 

improvement district are: (1) participation by a minimum of 15 farmers; (2) the consent of at 

least two-thirds of the farmers affected by the project; and (3) after establishment of the land 
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improvement district, sharing of the total cost of the project by the interested farmers (National 

Federation of Land Improvement Association, 1986). These water management organizations 

are established for the purpose of equitable water distribution and maintenance of irrigation 

facilities, but there are also examples of where they have been useful for environmental 

conservation. To preserve the water quality of Lake Biwa, the largest and most important water 

resource in Japan, a group of water users take the lead in water management and control the 

operation of pumps and gates in a recirculating irrigation system connected to this lake. Here, 

drainage water is reused for irrigation to reduce the load of suspended solids (Hama et al. 2010) 

and nitrogen (Hama et al. 2011). 

 

2.3 Conclusions 

 

When paddy soil is strongly reduced, CH4 is produced by the activity of methanogens. Globally, 

a number of measures have been taken to control the emission of CH4 from paddy fields to the 

atmosphere. To control the amount of available substrate for soil microorganisms, we can 

change the amount and type of fertilizer applied, control the amount of organic matter in the soil, 

and breed rice varieties that reduce subsurface carbon transfer. To suppress the activities of soil 

microorganisms, we can maintain the soil redox potential in a highly oxidized state by devising 

rice planting and water management methods that facilitate this soil condition. Among these 

global warming mitigation strategies, this thesis focuses on the control of CH4 emissions from 

paddy soils by water management. In the following chapters, it is discussed how to improve the 

sustainability of organized water management by adopting an organizational water management 

approach rather than one based on water management by individual farmers. I also consider the 

disadvantages of the lack of short-term and direct benefits to farmers, and take into account the 

mechanisms of influence of water management on CH4 production, release, or suppression. 
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3.1 Introduction 

 

Water-saving management has been recognized as an important issue, especially for agricultural 

sustainability and development (Bouman and Tuong, 2001). In addition, atmospheric 

environments can be affected by inappropriate water management, such as the emission of 

greenhouse gases (GHGs). Because rice is cultivated twice or three times a year in Southern 

Asian countries, the practice of eco-friendly and water-saving management in paddy areas has 

become important and a topic of research focus. 

 

 For sustainable rice cultivation, it is essential that water is managed appropriately 

through the introduction of irrigation systems. If irrigation systems do not function adequately 

in terms of both hardware and software, water may be unequally allocated across paddy fields, 

resulting in water shortage, and thus decreased yield, in some sections. 

 

 Paddy water management influences rice yield. For example, Matsushima (1962) 

conducted various experiments to examine the effects of drought and flooding at different 

growth stages and the effect of different ponding depths in the growing season on rice yield, and 

showed that drought at the reduction division stage in pollen mother cells and around the 

heading (ear emergence) stage reduced the percentage of ripened grains and seriously damaged 

rice yield. This remarkable reduction in yield was caused by the whole plant submergence 

treatment, and rice yields obtained were in this order: ponding depth 5 cm above the soil surface 

> 15 cm above the soil surface > 30 cm above the soil surface > 0 cm > 5 cm below the soil 

surface > 15 cm below the soil surface. Nugroho et al. (2018) showed that rice yields increased 

with intermittent irrigation, in which the water depth was very shallow (ca. 2 cm) from 0 to 40 

days after transplanting, and was associated with an increased number of panicles, which 

resulted from enhanced tiller development under shallow water during the vegetative stage. 

Hence, flooding during the periods after transplanting and around the ear emergence stage is 

important for securing rice yield physiologically. On the other hand, the effects of paddy water 

management on emissions of methane (CH4) and nitrous oxide (N2O), which have much higher 

greenhouse warming potential than carbon dioxide (CO2) is also something to be considered. 

There is an inverse relationship between CH4 and N2O emissions with changes in soil redox 

potential and the recommended range of soil redox potential for water management is around 

−100 to +200 mV to prevent CH4 production and encourage N2O reduction (Hou et al., 2000). 

Ratering and Conrad (1998) showed that drainage for 48 h resulted in drastically decreased CH4 

emission rates while longer drainage and aeration resulted in a short-term increase of N2O 
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production. Appropriate water management should be considered by paying attention to the 

trade-off relationship between CH4 and N2O emissions when controlling soil water regimes. 

 

 Recently, many studies have investigated alternate wetting and drying (AWD) as an 

eco-friendly and water-saving management technique in paddy fields (e.g., Li et al., 2018; 

Carrijo et al., 2018; Mote et al., 2018; Islam et al., 2018; Darzi-Naftchali et al., 2018; Tirol-

Padre et al., 2018). AWD is an intermittent irrigation technique that repeats flooding and 

recession periods in paddy systems instead of the traditional continuous flooding. Experiments 

by Kima et al. (2015) in Taiwan showed that the optimal ponding depth in the AWD technique 

(i.e., that did not affect yield) was 3 cm. Zhao et al. (2011) showed that the system of rice 

intensification including AWD was effective in decreasing the amount of irrigation water used 

and in increasing water-use efficiency. Regarding GHGs, increased N2O emissions under AWD 

are associated with enhanced nitrification in the upper soil layers during plant establishment and 

are, thus, related to basal nitrogen fertilization and mineralization of native soil nitrogen 

(Verhoeven et al., 2018). Iida et al. (2007) showed CH4 and N2O emissions cyclically fluctuated 

during intermittent irrigation. Such studies have shown that CH4 emission-controlling and 

water-saving management is possible through water management that involves intermittent 

irrigation. However, most of the previous experiments were conducted on small paddy plots 

(several meters squared) or test pots, e.g., Pascual and Wang (2017) conducted experiments in 

6 m2 plots to estimate the effect of water management, Oo et al. (2018a) used 7 × 5 m 

experimental plots, and Minamikawa and Sakai (2005) used pot experiments to estimate the 

effect of soil redox potential control on rice yield and CH4 emission compared to conventional 

management methods (continuous flooding, midseason drainage, and midseason drainage plus 

intermittent irrigation). Verhoeven et al. (2018) conducted experiments using two paddies, 

20 × 80 m, however, the paddies were located in the Italian Rice Research Center where the 

water management was controlled by specialists. Practical and direct experiments of on-farm 

level water management by farmers or water management organizations have rarely been 

conducted. 

 

 This lack of practical examples is a consequence of eco-friendly and water-saving 

management techniques not having a direct benefit for each farmer who serves as the water 

manager of each paddy plot; there is, therefore, a lack of motivation to implement such eco-

friendly and water-saving management. Under scenarios that irrigation water is not allocated 

fairly in the district and water supply is not stable, such water-saving irrigation will be 

unacceptable to farmers. Therefore, organizational water management of on-farm level, i.e., 
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water managed by an organization (referred to as a water user group), rather than by each 

farmer is expected to be an effective eco-friendly and water-saving management structure. 

 

 In this study, the feasibility of on-farm level, organizational, eco-friendly, and water-

saving management in the lowland paddy area of the Red River Delta, Vietnam was examined. 

This was achieved by introducing new water division works and sluice gates along the water 

channels in the district (covering an area of 44.24 ha), which were used by a water user group to 

control the irrigation, and by clarifying the influence of intermittent irrigation on the ponding 

depth, CH4 and N2O emissions, and rice yield. 

 

3.2 Materials and methods 

 

3.2.1 Experimental site and water management design 

 

Experiments were conducted in the rice paddy fields in the Phu Thinh commune, which is 

located on the Red River Delta in the Kim Dong district, Hung Yen province, Vietnam (21°25’ 

N, 105°46’ E) (Fig. 3.1). The experimental paddy area was 44.24 ha (Fig. 3.1) and the 

topography was mostly flat. The paddy soil was clay with a hydraulic conductivity of 6.1 × 10−3, 

4.2 × 10−5, and 2.6 × 10−4 cm s−1 near the soil surface (upper), at 30 cm depth (middle), and at 

50 cm depth (lower), respectively. The carbon content of air-dried paddy soil was 2.3%, 1.5%, 

and 0.4%; the nitrogen content was 0.24%, 0.15%, and 0.05%; and the C/N ratio was 10.0, 10.1, 

and 9.1 in the upper, middle, and lower soil layers, respectively. 

 

 The experimental site was irrigated using two pumps (discharge amounts: 1000 and 

1400 m3 h−1) in the pump station, which used water from a main canal that was sourced from the 

Red River. The water channels in the site were dual-purpose (irrigation and drainage). Two 

water division works were constructed along the channel that were directly connected to the 

pumps just before initiation of the experiments. The water division works consisted of three 

manual sluice gates. Gates 1–3 and 5–7 were attached to the water division works (see Fig. 3.1). 

Gates 4 and 8–11 were constructed or repaired to reduce water loss from the district and were 

usually closed but could be opened when needed. Water managers operated the pumps and gates 

and recorded their operation times and dates. Water managers were appointed by the agricultural 

cooperative that plays the role of the water user group in the district. 

 

 The experimental site was divided into three experimental blocks: the conventional 

(C), weak-dry (W), and strong-dry (S) blocks (Fig. 3.1), with areas of 26.73, 8.11, and 9.40 ha, 
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Fig. 3.1 Experimental site location in Phu Thinh district and experimental site layout in Phu 

Thinh district. The experimental site was divided into three experimental blocks with two 

observation plots in each: conventional (C1, C2), weak-dry (W1, W2), and strong-dry (S1, S2) 

 

 

respectively. The target ponding water depth of paddy plots in the C block was traditional: 

ponding was maintained except for the midseason drainage. The W and S blocks contained the 

experimental AWD water management paddy plots. The target ponding depth was maintained at 

around 3 cm for one month after transplanting, after which the water managers practiced 

intermittent irrigation until the midseason drainage. Ponding was targeted to be maintained from 

the end of the midseason drainage to the ear emergence period for about 35 days in the W block 

and for about 20 days, including the ear emergence period, in the S block because the period 

from 20 days before ear emergence to 10 days after ear emergence is sensitive to drought due to 

reduction in the percentage of ripened grains (Matsushima, 1962). The successive intermittent 

irrigation was implemented thereafter. During the intermittent irrigation period, water was 

irrigated by the operation of pumps and gates. Water managers monitored the water level in 

pipes (20 cm in diameter) that had holes in the pipe wall and had been buried in paddy plots 

near to the water division works, i.e., to a depth of 5 cm under the soil surface (hereafter 

referred to as −5 cm) in the W block and to a depth of 15 cm (hereafter referred to as −15 cm) in 
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the S block. Ideally, gates for delivering water to the W or S block were closed when the 

ponding was not necessary and were opened only when the ponding depth was lower than 

−5 cm in the W block and −15 cm in the S block. In this way, the AWD water management was 

expected to have been implemented by the systematic operation of pumps and gates by the 

water user group without requiring each farmer to manage the AWD. Furthermore, irrigation 

water had previously been distributed throughout the district, however, because water was 

allocated to only parts of the district by the operation of the gates of the water division works. In 

this study, the number of paddy plots that received irrigation increased and the AWD water 

management and irrigation system used were expected to relieve the water shortage in the 

district. 

 

3.2.2 Crop management 

 

In the study region, rice was produced twice a year: during the winter-spring season (WS, from 

February or March to June) and the summer-autumn season (SA, from June to September). 

Some vegetables are cultivated from the harvest of the SA season to the start of the WS season. 

Experiments were conducted for both seasons in 2015, 2016, and 2017. Table 3.1 shows the 

transplanting and harvest dates, growing period, rice variety, and the standard rice planting 

density. Fertilizers were applied three times during the growing season. The first and basal 

fertilizer included nitrogen and phosphorous and was applied 1 or 2 days before the transplanting. 

The second and top-dressing fertilizer included nitrogen and was applied 5 or 7 days after the 

transplanting. The third fertilizer included nitrogen, phosphorous, and potassium, and was 

applied about 35 days after transplanting. 

 

 

Table 3.1 Rice crop management in the paddy experimental site 

  2015   2016   2017 

  WS SA   WS SA   WS SA 

Transplanting Feb. 3 June 26   Feb. 19-22 July 2-4   Feb. 15-17 July 5 

Harvesting June 4 Sep. 22   June 15 Sep. 20   June 20 Sep. 25 

Growing period (d) 122 89   118 81   126 83 

Variety Bac thom Thien uu 8   TBR225 N25   Thien uu 8 Thien uu 8 

Note: WS, the winter-spring season (February or March to June); and SA, the summer-autumn 

season (June to September). Experiments were conducted for both seasons in 2015, 2016, and 

2017. 
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3.2.3 Meteorological conditions 

 

Meteorological variables were measured from the rooftop of a house situated near to the 

experimental site, at a height of 10 m above the ground. A rain gauge (ECRN-100, Decagon 

Devices, Inc.); a solar radiation sensor (PYR, Decagon Devices, Inc.); and vapor pressure, 

humidity, and temperature sensor (VP-3, Decagon Devices, Inc.) were installed. Data were 

collected every 10 min using a data logger (Em50, Decagon Devices, Inc.). Daily potential 

evapotranspiration was calculated from the meteorological data using the Penman equation 

(Penman, 1948; Chang, 1970). 

 

 Figure 3.2 shows monthly rainfall, monthly average air temperature, monthly solar 

radiation, and rainfall (R) minus potential evapotranspiration (ETp) in 2015, 2016, and 2017. 

Annual rainfall was calculated from the data from one 12-month period and ranged between 

1480 mm and 1797 mm (average: 1651 mm). The rainfall amount was highest from June to 

August and the monthly rainfall varied from year to year. For example, the monthly rainfalls in 

April and in July and August of 2015 were small compared to 2016 and 2017. The annual 

average air temperature was about 25 °C and differed only slightly between years. The monthly 

solar radiation in 2015 was high compared to 2016 and 2017. The annual potential 

evapotranspiration ranged from 668 mm to 763 mm (average: 731 mm). Differences between 

monthly rainfall and evapotranspiration were smaller in the WS season than in the SA season. 

There was an abundance of rainfall compared to evapotranspiration in August 2016 and July 2017. 

 

3.2.4 Measurement 

 

Two observation plots were set up in each water management block: C1 and C2 in the C block, 

W1 and W2 in the W block, and S1 and S2 in the S block (Fig. 3.1 and Table 3.2). In each 

observation plot, temporal changes in the ponding depth were monitored at 10 min intervals at 

three points (Fig. 3.3) using water level sensors (WT-HR, Intech Instruments Ltd.). The average 

value of the three points was assumed to be representative of the data for each plot. 

 

To estimate the emission fluxes of GHGs, gas sampling was conducted at around 7-day intervals 

using a chamber-based method. One base of the chamber was installed in each plot in 2015 and 

2016 and two bases were installed in 2017 (Fig. 3.3). The rectangular acrylic chamber was 

gently placed on the base during gas sampling. The height of the base was 20 cm and the 

chamber dimensions were 60 × 60 × 100 cm (length × width × height). Ten to seventeen rice  
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Fig. 3.2 Monthly rainfall, average air temperature, solar radiation, and rainfall (R) minus 

potential evapotranspiration (ETp) in the rice paddy experimental site in 2015, 2016, and 2017 

 

 

 

 

Table 3.2 Properties of observation paddy plots 

  C1 C2 W1 W2 S1 S2 

Area (m2) 1152.0 1152.0 872.5 718.8 902.1 788.2 

Elevation (m) 5.03 5.05 5.04 5.04 5.02 5.04 
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Fig. 3.3 Schematic diagram of each observation plot 

 

 

stubbles were included within each chamber. Gas was collected using a 15 mL plastic syringe 

and the chamber air temperature was measured 1, 10, and 20 min after installing the chamber. 

The samples were immediately transferred to evacuated injection vials. Almost all samplings 

were conducted in the morning (8:30–11:30 a.m.). The number of replicates for GHGs for each 

plot numbered one in 2015 and 2016 and two in 2017. Replicates for each water management 

block (C, W, and S) numbered two in 2015 and 2016 and four in 2017. 

 

 CH4 and N2O concentrations were measured using gas chromatographs equipped with 

flame ionization detectors and electron capture detectors, respectively (Itoh et al., 2011). Gas 

emission flux was calculated based on the temporal change in gas concentration in the 

headspace of the chamber using the following equation: 

𝑓 =
𝑑𝑐

𝑑𝑡
∙ 𝑀 ∙

273

22.4
∙

1

𝑇 + 273
∙
𝑉

𝐴
(1) 

where, f is the gas flux (mg m−2 min−1), c is the gas concentration (ppm), t is the time (min), M is 

the molecular weight (g mol−1), T is the air temperature in the chamber (°C), V is the volume of 

the headspace in the chamber (m3), and A is the cross sectional area of the chamber (m2). 
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 Unhulled rice yield was estimated by the planting density (the number of rice stubbles 

per unit area) and the weight of ripened grains per one rice stubble. Ripened grains were 

selected using salt water with a density of 1.06 g cm−3. The planting density was obtained by 

measuring the area planted with 121 ( = 11 × 11) rice stubbles in each plot. The weight of 

ripened and unhulled grain was the average of four rice stubbles. In the process of estimating 

yields, the number of ears per stubble and the number of grains per ear were also measured. 

Rice yield measurements were conducted at two or three points in each plot. 

 

3.3 Results 

 

3.3.1 Paddy ponding depth and irrigation water management 

 

Temporal changes in paddy ponding depths of the experimental plots are shown with daily 

rainfall amounts in Fig. 3.4. In the 2015 WS, ponding frequently decreased and it was inferred 

that the prolonged period of dry surface soil was due to the lower rainfall in April (Fig. 3.2). 

The ponding depths of all six plots showed similar temporal changes and no differences were 

observed among the treatments (C, W, and S blocks). Because frequent rainfall events in the 

latter half of the irrigation period dominated the temporal changes in ponding depths in all 

experimental plots, pump operation was not necessary and the ideal AWD water management 

(i.e., experiment) was not achieved. In the 2015 SA, similar temporal changes in the ponding 

depth were observed among the treatments. After the midseason drainage in the latter half of 

August, the ponding depths of all experimental plots corresponded to rainfall amounts and it 

was not possible to conduct the AWD water management. 

 

 In the 2016 WS, the difference in ponding depths in response to the operation of 

pumps and gates was observed in mid-April. According to a record log, a water manager 

operated the system to irrigate Block W on April 15 and 19 and Block S on April 15. Pumped 

water was expected to irrigate Block C on April 15, 16, and 19. The ponding depth of the C1 

plot was maintained above 0 cm. The ponding depth of the W1 and W2 plots were temporarily 

at approximately −5 cm. The flooding receded in the S1 plot in mid-April and although the 

ponding depth of the C2 plot decreased, the high ponding depth of the S2 plot was maintained. 

The ponding depths of the W1, W2, and S1 plots decreased to almost −20 cm in mid-May, 

although this observation was independent from the operation of the pumps. In the 2016 SA, 

according to a record log, pumped water irrigated Block W on July 20 and August 20 and Block 

S on August 12. Block C was expected to have been irrigated on July 14, July 20, August 12, 

and August 20. The ponding depths of the C1 and C2 plots were almost above soil surface; 
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Fig. 3.4 Temporal changes in ponding water depths of the rice paddy observation plots with 

daily rainfall amounts. WS, the winter-spring season (February or March to June); and SA, the 

summer-autumn season (June to September). Experiments were conducted for both seasons in 

2015, 2016, and 2017. The experimental site was divided into three experimental blocks with 

two observation plots in each: conventional (C1, C2), weak-dry (W1, W2), and strong-dry (S1, 

S2). Black triangles represent the operation of pumps according to the records logged by water 

managers 
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those of W1 and W2 plots decreased frequently to −5 cm and to −5 to −15 cm, respectively; and 

the ponding depths of the S1 and S2 plots reached −20 cm. A situation close to the ideal ponding 

depth was produced from July to August in 2016, despite the high rainfall in this season. 

 

 In the 2017 WS, the ponding depths of all plots decreased in mid-April. Although the 

ponding depths of the W1, W2, S1, and S2 plots increased on April 14 as a result of the 

operation of the pumps and gates, the ponding depths of the C1 and C2 plots continued to 

decrease. The ideal AWD water management was not achieved in this season. In the 2017 SA, 

the operation of pumps was not recorded in July and August. The ponding depths of the C1 and 

C2 plots were maintained above the soil surface longer than in the W1, W2, S1, and S2 plots, 

however, this was not as a result of water management (i.e., the use of the gates). 

 

3.3.2 Drying index 

 

To evaluate the degree of the period when the ponding depth was under the critical value, it was 

defined as the drying index that the ratio of the period when the ponding depth was under the 

critical value to the period when the ponding depth was observed. Three drying index values 

were estimated when the critical value was 0, −5, and −15 cm. A drying index of zero means the 

ponding depth was higher than the critical value, with flooding or wet soil conditions during the 

whole observation period. On the other hand, 1 in the index means the ponding depth was lower 

than the critical value, with non-flooding or dry soil conditions during the whole observation 

period. Table 3.3 shows statistics on the drying index at 0 cm for each water management 

treatment (C, W, and S) in WS and SA seasons over the three years. The number of replicates 

was two for each treatment, so there were no significant differences for each treatment in all  

cropping seasons (p > 0.05) except in the 2017 SA based on the Tukey honest significant 

differences (Tukey HSD) test. There were no significant differences between each treatment at 

drying indexes for −5 and −15 cm. Figure 3.5 represents the comparison of drying indexes for 

each cropping season and each plot. In the 2016 SA, the ideal water management for AWD was 

conducted as mentioned above and the intended differences for the drying indexes for 0, −5, and 

−15 cm of the critical value were approximately confirmed. In the 2017 SA, the drying indexes 

in the C1 and C2 plots were relatively lower than in the W and S plots and an especially 

extremely high drying index was observed in the W plots for the 0 cm critical value. The drying 

indexes for 0, −5, and −15 cm in the 2015 WS were higher than in the other seasons and years 

due to the lower rainfall. The average drying index was 0.65 in 2015 WS and 0.15–0.51 in other 

cropping seasons (Table 3.3). Also, smaller differences were observed between treatments,  
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Fig. 3.5 Drying indexes when the critical ponding depth was 0, −5, and −15 cm in the rice 

paddy observation plots. WS, the winter-spring season (February or March to June); and SA, the 

summer-autumn season (June to September). Experiments were conducted for both seasons in 

2015, 2016, and 2017. The experimental site was divided into three experimental blocks with 

two observation plots in each: conventional (C1, C2), weak-dry (W1, W2), and strong-dry (S1, 

S2) 

 

 

especially the drying indexes for 0 and −5 cm. Remarkable differences were not observed in the 

three drying indexes among blocks in the 2015 SA, 2016 WS, and 2017 WS. 

 

3.3.3 Greenhouse gases emission 

 

3.3.3.1 CH4 emission 
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Figure 3.6 shows the temporal changes in CH4 emission flux (mg m−2 min-1) in each plot. The 

2015 WS and the 2017 WS presented similar temporal patterns in CH4 emission. CH4 emissions 

were observed until early April and were almost negligible after mid-April, except in the W1, 

W2, and S2 plots on May 13 in 2017. Until early April (after the transplanting of rice), the 

ponding depths were maintained above the soil surface (Fig. 3.4) and this may have induced 

CH4 emissions. Even though the ponding depths increased and became positive after the 

midseason drainage, CH4 emission did not occur immediately. In the 2016 WS, the midseason 

drainage was insufficient in mid-April due to a rainfall event and the CH4 emission continued, 

especially in the C and W plots. The drainage in mid-May may have decreased the CH4 

emission. The increase in ponding depths due to heavy rainfall at the end of May did not induce 

CH4 emissions in the W and S plots. 

 

 The CH4 emission fluxes were larger in the SA than in the WS. In the 2015 SA, there 

were no CH4 emissions during the midseason drainage at the end of August (Fig. 3.4) and they 

did not occur until the end of the irrigation period. In the 2016 SA, high rainfall and the 

associated increase in ponding depth (Fig. 3.2, Fig. 3.4) caused continuous CH4 emissions in the 

C and W plots. Despite the missing ponding depth data in the 2017 SA, the midseason drainage 

also induced a decrease in the CH4 emissions in the C1, W2, and S1 plots. 

 

3.3.3.2 N2O emission 

 

Temporal changes in N2O emission flux (mg m−2 min−1) are shown in Fig. 3.7. Temporary N2O 

emissions were observed after the nitrogen fertilizer applications. In WS, there were temporary 

N2O emissions in March, which were inferred to be the result of the second nitrogen fertilizer 

application and an especially high N2O emission was observed in early April in the 2016 WS. In 

the 2015 SA, 2016 SA, and 2017 SA, the N2O emissions in mid- or late July from some plots 

occurred after the second fertilizer application. Although almost no N2O emissions were 

observed where there was no ponding (Fig. 3.4), there was not a relationship between ponding 

depth and N2O emission. Rainfall events did not affect the N2O emissions. Additionally, there 

was no effect of water management on the N2O emission in the mid-August in the 2016 SA. It 

could not be confirmed the relationship between water management and N2O emission. 
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Fig. 3.6 Temporal changes in methane emission fluxes in the rice paddy observation plots with 

daily rainfall amounts. WS, the winter-spring season (February or March to June); and SA, the 

summer-autumn season (June to September). Experiments were conducted for both seasons in 

2015, 2016, and 2017. The experimental site was divided into three experimental water 

management blocks with two observation plots in each block: conventional (C1, C2), weak-dry 

(W1, W2), and strong-dry (S1, S2) 
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Fig. 3.7 Temporal changes in nitrous oxide emission fluxes in the observation plots with daily 

rainfall amounts. WS, the winter-spring season (February or March to June); and SA, the 

summer-autumn season (June to September). Experiments were conducted for both seasons in 

2015, 2016, and 2017. The experimental site was divided into three experimental water 

management blocks with two observation plots in each block: conventional (C1, C2), weak-dry 

(W1, W2), and strong-dry (S1, S2) 
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3.3.3.3 Cumulative GHG emission amount 

 

Daily average CH4 and N2O emission fluxes were calculated by dividing the cumulative gas 

emission amount by the observation period and were converted to CO2 emission fluxes (g 

CO2 m−2 d−1) using the global warming potential values of 25 and 298 for CH4 and N2O, 

respectively (Solomon et al., 2007). The flux between the two observation dates was assumed to 

be constant and equal to the former one. 

 

 Table 3.4 shows statistics on the daily CH4 emission flux for each water management 

treatment (C, W, and S) in WS and SA seasons over the three years. There were no significant 

differences by water management treatment for each cropping season except the 2016 WS and 

2015 SA. Higher CH4 emissions were observed in C plots than W and S plots in the 2016 WS, 

but the amount of CH4 released was highest in S, followed by W then C plots in the 2015 SA. 

The average values of daily average CH4 emission flux in all plots were 1.7, 9.6, and 3.5 g CO2 

 m−2 d−1 for the 2015 WS, 2016 WS, and 2017 WS, respectively; and 11.5, 22.2, and 15.8 g CO2 

 m−2 d−1 for the 2015 SA, 2016 SA, and 2017 SA, respectively. There was a large difference in 

CH4 emission in relation to the cropping season and the cumulative CH4 emission in WS was 

smaller than in SA. On the other hand, the CH4 emissions were relatively higher in the C plots 

than in the W and S plots in the 2016 WS, 2016 SA, and 2017 SA, although the Tukey HSD test 

revealed that the differences among the three blocks were not significant (p >  0.05). Table 3.5 

shows the daily N2O emission fluxes for each water management treatment in WS and SA 

seasons over the three years. There were no significant differences by water management 

treatment for each cropping season. The N2O CO2-equivalent emissions were less than CH4; the 

average N2O emission was 0.1 and 0.04 times that of CH4 in WS and SA, respectively (Table 

3.4, Table 3.5). Figure 3.8 presents the daily average CH4 and N2O emission fluxes for each 

cropping season and each plot. There is no error bar for 2015 and 2016 because only one 

chamber was set for each plot. Standard deviation error bars are shown in 2017 because gas 

sampling was conducted at two points per plot. CH4 emissions in the C1 and C2 plots were 

higher than in the W and S plots in the 2016 SA although there were no significant differences. 

 

3.3.4 Rice yield 

 

The unhulled rice yields for each water management treatment and each plot are shown in Table 

3.6 and Fig. 3.9, respectively. Over the three years, the average yields in WS and SA were 

statistically different at 5.89 × 103 kg ha−1 and 4.46 × 103 kg ha−1, respectively (Welch’s test, p = 
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Fig. 3.8 Daily average greenhouse gas (GHG) emission fluxes (of CH4 and N2O) converted to 

the equivalent CO2 in the observation plots: calculated by dividing the cumulative emission 

amount by the observation period in each cropping season. WS, the winter-spring season 

(February or March to June); and SA, the summer-autumn season (June to September). 

Experiments were conducted for both seasons in 2015, 2016, and 2017. The experimental site 

was divided into three experimental water management blocks with two observation plots in 

each block: conventional (C1, C2), weak-dry (W1, W2), and strong-dry (S1, S2). Letters (a, b, 

and ab) mean the results of the Tukey HSD test in 2017. Symbol * is for CH4 and ** for N2O 
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Fig. 3.9 Yields of unhulled rice in the observation plots. WS, the winter-spring season (February 

or March to June); and SA, the summer-autumn season (June to September). Experiments were 

conducted for both seasons in 2015, 2016, and 2017. The experimental site was divided into 

three experimental water management blocks with two observation plots in each block: 

conventional (C1, C2), weak-dry (W1, W2), and strong-dry (S1, S2). Letters (a, b, c, ab, ac, and 

bc) mean the results of the Tukey HSD test in 2017 

 

 

7.7 × 10−10). In WS, no significant differences were observed among 2015, 2016, and 2017. In 

SA, significant differences were observed between 2015 and 2016 and between 2016 and 2017. 

Considering the varieties of rice cultivated in each season (Table 3.1), the variety Thien uu 8 

was cultivated in the 2015 SA and the 2017 SA, this variety may have fewer yields in SA. As a 

result of the Tukey HSD test for comparisons among water management treatments, only 

significant differences between C plots and S plots were observed in the 2015 SA (p =  0.0001) 
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and between C plots and W plots in the 2015 SA (p =  0.0002). The W plot and S plot rice yields 

were higher than those of the C plots in SA in 2015. 

 

 Table 3.7 shows the correlation coefficients between rice yield and other components, 

i.e., planting density, the number of ears per stubble, the number of grains per ear, the ripening 

rate, and the weight per grain. Ripening rate was defined by the ratio of the number of ripened 

grains and the number of total grains. The highest correlation (R = 0.780) was observed between 

rice yield and ripening rate (Pearson’s product-moment correlation test, p = 2.17 × 10−8). Since 

soil drying processes, such as the midseason drainage, are important to increase ripening rate 

especially under higher air temperature conditions (Kitagawa et al., 2018), insufficient soil 

drying as a result of high rainfall may have influenced the lower yield that was recorded in SA. 

 

3.4 Discussion 

 

3.4.1 Effectiveness of water management by the water user group 

 

The original schedule of water management was intermittent irrigation at short intervals (several 

days) mainly after the midseason drainage and the simultaneous operation of pumps and gates. 

However, pumps were not frequently operated because ponding depth did not frequently 

decrease (i.e., to a level that required irrigation), except in the 2015 WS (Fig. 3.4), due to high 

precipitation. In the 2015 WS, the ponding depth was not maintained above the soil surface in 

the C plots, probably because water managers may have considered it unnecessary to operate 

pumps because of the rainfall events in May 2015. Especially in the 2016 SA and the 2017 SA, 

the length of the period during which the ponding depth was lower than 0, −5, and −15 cm was 

longer in the W and S plots than in the C plots (Fig. 3.4, Fig. 3.5), although the elevations of the 

soil surface were almost the same in all observation plots (Table 3.2). 

 

 It was difficult for the water managers to adhere to the original schedule under the 

actual meteorological conditions and with the actual ponding depth. Water managers may also 

have intentionally avoided driving the pumps to reduce electricity expense. Furthermore, not all 

farmers in the district understood the pilot systematic water management and used their own 

manual pumps if they considered irrigation to be necessary. Hence, the effect of water 

management by the water user group through the operation of pumps and gates was limited. It 

was impossible to establish two different drying stages: the weak-dry and strong-dry blocks in 

this district. In the interview surveys, some farmers stated that there was a decrease in the 

number of times that they used a manual pump. When one or two blocks of the district were  
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irrigated by the operation of the gates, the water level of the channel in the corresponding block 

rose up and it was not necessary to use the manual pumps; indicating that in such scenarios the 

water shortage problem was possibly solved. It is hoped that organizational water management, 

with a simultaneous operation of pumps and gates, will be used for future block rotational 

irrigation and that irrigation water will spread to the end of each block not only for AWD 

management. 

 

3.4.2 Effect of drying index on CH4 emission 

 

Daily average greenhouse gas emission flux of CH4 converted to equivalent CO2 was much 

higher in this region than N2O (Fig. 3.8). N2O emission is related to nitrogen fertilizer 

application. Cai et al. (1997) showed that N2O emission increased significantly with the increase 

in the nitrogen application rate and that the N2O flux was very small when the paddy plots were 

flooded but peaked at the beginning of the recession of the floodwater. The N2O emission in this 

study was, however, not related to the non-ponding period and there was no trade-off 

relationship between CH4 and N2O with drying. Hence, N2O emission was temporary and not 

continuous (Fig. 3.7), while CH4 emitted continuously during flooding (Fig. 3.6). The soil redox 

potential may not have frequently exceeded +200 mV when ponding water was eliminated in 

this study, and the soil water content may have decreased, judging from the fact the 

recommended soil redox potential is −100 to +200 mV to prevent N2O emissions (Hou et al., 

2000). This study shows the importance of focusing on the mitigation of CH4 emissions to 

reduce the GHG impacts of paddy areas in this region. 

 

 The CH4 emission and the drying index (for 0 cm) were weakly negatively correlated 

in both seasons (Fig. 3.10). Emission of CH4 from rice paddies is the result of anoxic bacterial 

CH4 production (Neue et al., 1996). Minamikawa and Sakai (2005) showed that the CH4 

emissions decreased in response to the midseason drainage method and midseason plus 

intermittent irrigation method compared to continuous flooding. Despite the decrease in CH4 

emission by prolonged drying periods being a well-known phenomenon, the on-farm level 

investigation in this study did not demonstrate a distinct relationship between them, especially 

in SA. With regards to each cropping season, it was not observed the negative relationship 

between CH4 emission and the drying index for 0 cm in response to the different water 

management treatments in WS. It was difficult to control the CH4 emission by increasing the 

drying index for 0 cm in WS. On the other hand, since a weak negative relationship was 

observed in the SA in each year, except in 2015, it may be possible to manage CH4 emissions by 

lengthening the drying period in the SA. 
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Fig. 3.10 Relationship between daily average methane emission flux (converted to the 

equivalent CO2 in the observation plots, calculated by dividing the cumulative emission amount 

by the observation period in each cropping season) and drying index for 0 cm ponding depth in 

each cropping season. WS, the winter-spring season (February or March to June); and SA, the 

summer-autumn season (June to September). Experiments were conducted for both seasons in 

2015, 2016, and 2017 

 

 

 Different trends were observed in the WS and SA. The CH4 emission at the same 

drying index was higher in SA than in WS; presumably due to the higher temperatures. Air 

temperature rose approximately from 20 °C to 30 °C from March to June in WS and was 

constant at about 30 °C from June to September (Fig. 3.2). In addition, much organic matter 

presumably originated from the residues of rice straw at the beginning of SA because the season 

started immediately after WS. The rice straw after the harvesting of SA may be decomposed 

from September to February and the amount of organic matter at the beginning of WS is 

inferred to be small, although organic matter data were not collected in this study. It is thought 

that the effect of soil drying is likely to manifest due to the higher CH4 emissions in SA 

compared with WS. The present study suggests the importance of increasing the drying period 

in SA to reduce CH4 emissions from paddy areas through careful water management. 
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3.4.3 Effect of drying index on rice yield 

 

In WS, the unhulled rice yield did not change with drying indexes for 0 cm and 15 cm (left side 

of Fig. 3.11). In SA, despite there being no remarkable change in rice yield with increasing 

drying indexes for 0 cm and 15 cm, the large drying index induced a decrease in rice yield (right 

side of Fig. 3.11). In the experiments by Minamikawa and Sakai (2005), the order of brown rice 

yield was as follows: midseason drainage plus intermittent irrigation > midseason 

drainage > continuous flooding, but excessive drying of the soil slightly affected rice yield in 

this study. In particular, the drying index for 0 cm ponding depth in the W1 and W2 plots in SA, 

2017; sufficient ponding water may not have been present at the period around ear emergence 

after midseason drainage (Matsushima, 1962). Water-saving irrigation by controlling limiting 

values of soil water potential related to specific stages can increase grain yield (Yang et al., 

2007). On the other hand, Pascual and Wang (2017) compared the effect of intermittent 

irrigation at 3-day intervals and at 7-day intervals to continuous flooding and showed that grain 

yield was comparable among irrigation regimes. Li et al. (2018) mentioned that AWD 

management led to a promotion in plant physiological activities and grain filling, and hence 

increased grain yields. The effects of water management on rice yield vary with rice varieties 

and meteorological conditions. In the investigated area, it was possible to conduct dry-type 

water management without reducing rice yield in WS, and it is advised that water management 

regimes avoid the excessive drying-out of paddy soils in SA. The maximum drying index for 

0 cm was approximately 0.6 which was adequate in SA to reduce CH4 emission and to maintain 

rice yield. In any case, it is important to flood water during periods when water is needed for 

rice growth physiologically. 

 

3.4.4 Contributions to decision making process 

 

Considering that flooding is recommended until the rooting stage after transplanting and for 

around 30 days before and after ear emergence, which has large effects on rice yield, and that 

rainfall is relatively frequent in the study region, opportunities for AWD management are in fact 

limited. Therefore, it is important to carry out AWD management with certainty, so it is 

considered that management by a water user group is more efficient than water management by 

individual farmers. It was proposed that AWD management by a water user group through the 

operation of irrigation pumps and sluice gates for water division work. Though the direct effects 

of pump operation and gates on ponding water management and CH4 reduction were limited, 

this study showed potential for the organizational water management system to deliver 

sufficient water to target blocks. The fact that CH4 emissions decreased with increased drying 
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Fig. 3.11 Relationship between the yield of unhulled rice and drying index for 0 cm ponding 

depth in each cropping season. WS, the winter-spring season (February or March to June); and 

SA, the summer-autumn season (June to September). Experiments were conducted for both 

seasons in 2015, 2016, and 2017. Error bars represent standard deviations 

 

 

index and that there was no significant reduction in rice yield with careful drying in paddy field 

experiments covering ca. 44 ha over the three years should be an incentive for farmers and 

administrative governments to develop environmentally friendly water management. 

 

3.5 Conclusions 

 

In this study, the organizational water management system (i.e., involving the operation of 

pumps and gates) was only able to be utilized on a few occasions as part of the AWD 
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management assessment due to the timing of precipitation and because the ponding depth 

remained above the soil surface. The original schedule of water ponding depth was, therefore, 

not achieved. The drying degree of the weak-dry block and the strong-dry block may have 

increased compared to the conventional block, however, it was limited to the period within the 

cropping season. Future research on the feasibility of AWD management in this region is 

necessary for the organization of water management. It is important to demonstrate the 

feasibility of a non-flooded period for suppressing CH4 emissions to the water management 

organization and farmers, taking into consideration the physiologically essential flooding period 

and the midseason drainage period to prevent reductions in rice yield. CH4 emissions were 

much higher than N2O emissions, so policies for reducing CH4 emissions should be focused on 

in the study region. Despite the CH4 emission having decreased with the increase in the drying 

index for the soil surface, it was difficult to control the CH4 emission by increasing the drying 

index in the WS compared to that in the SA. The findings of this study suggest that the drying 

period should be increased in SA through careful water management to effectively reduce CH4 

emissions from rice paddies. 
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4.1 Introduction 

 

CH4-producing bacteria in paddy soil are obligate anaerobic bacteria that generate CH4 under 

strong reducing conditions in the soil. After flooding, the redox potential (Eh) decreases as the 

molecular oxygen in soil decreases; this in turn affects the microbiological reactions in the soil, 

and finally, methanogens become active. Therefore, prolonging the soil drying period can 

effectively control CH4 emission into the atmosphere. Alternate wetting and drying (AWD), an 

intermittent irrigation method proposed as a water-saving technology, has garnered attention 

recently for its applicability to reduce CH4 emission. 

 

 Although the effectiveness of the AWD method has been demonstrated in 

experimental studies, this method has not been widely practiced by farmers because it does not 

have substantial benefits such as increase in rice yield or improvement of rice quality. Therefore, 

even if the farmers are requested to adapt the AWD method, they tend to maintain flooding 

conditions for safe rice growth. Thus, it was proposed the organizational AWD, in which water 

use groups, not individual farmers, manage irrigation by rotational distribution of water to each 

block in a paddy district using division works or sluice gates constructed in an irrigation system 

in the Red River Delta, Vietnam in Chapter 3. The results showed that organizational water 

management is possible and that it can suppress CH4 emission, although the suppression effect 

is limited by weather conditions. In addition, this area had poor drainage and could not be made 

dry immediately. In the AWD method here, the water level was monitored, and when it reached 

15 cm below the ground, the soil was flooded by about 5 cm. Under poor drainage conditions, 

such as in this area, a reduction condition might be maintained and CH4 might continue to be 

produced. Therefore, it is important to propose specific schedules of ponding management 

focusing on the soil redox condition to reduce the amount of CH4 emission. 

 

 The purpose of this chapter was to draft ponding management schedules for the 

suppression of CH4 emission using observed data of ponding depth, Eh, and CH4 flux in paddy 

plots in Vietnam and considering the above-mentioned CH4 generation mechanism. Furthermore, 

I estimated the effects of the implementation of the proposed schedules on CH4 reduction and 

water conservation. Finally, I outline AWD schedules that will help suppress CH4 emission and 

increase water conservation. 
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4.2 Materials and methods 

 

4.2.1 Study site 

 

The study site is the same location as that for Chapter 3. A demonstration test of the AWD 

method was conducted in a paddy district of 44.2 ha in Phu Thinh commune (21°25’ N, 105°46’ 

E), Kim Dong District, Hung Yen Province, located in the northern part of Vietnam. The soil 

texture of paddy fields is clayey, and the saturated hydraulic conductivity of the upper (near the 

soil surface), middle (at 30 cm depth), and lower layers (at 50 cm depth) is 6.1 × 10−3, 4.2 × 10−5, 

and 2.6 × 10−4 cm s−1, respectively. In this area, double rice cropping is practiced during the 

winter-spring (WS, February or March to June) and summer-autumn cropping seasons (SA, 

June or July to September). After SA cropping and until WS cropping, various vegetables are 

cultivated in paddy plots. In the WS season in 2017, the plants for WS cropping were 

transplanted from February 15 to 17 and harvested on June 20 (the cultivation period was 

126 days). In the SA season in 2017, transplanting was conducted on July 5 and harvest on 

September 25 (the cultivation period was 83 days). The rice variety Thien uu 8 was planted in 

both seasons. The weather conditions during the WS and SA cropping seasons were as follows: 

Precipitation was 515 and 796 mm, the average temperature was 24.8 and 28.7 °C, and the 

average relative humidity was 81.0% and 87.4%, respectively. 

 

 Irrigation water was pumped from the main canal using one pump and was distributed 

through open channels in the district. These terminal open channels were dual purposes: 

irrigation and drainage. The district was divided into three water distribution blocks by two 

division works, and small gates were installed in the canal. This allowed water managers to 

collectively distribute irrigation water for each block. 

 

4.2.2 AWD approach 

 

The AWD water management was performed throughout the study period, except for the 

flooding period of 1 month after transplanting, non-flooding period at mid-term drainage, and 

flooding period of approximately 1 month during the ear emergence period. During the AWD 

period, water managers observed the depth of water through a perforated PVC tube 

(International Rice Research Institute [IRRI], 2020) installed into the paddy plots and irrigated 

the fields when the water level dropped to a depth of 5 cm (plots 3 and 4) or 15 cm (plots 5 and 

6) below the soil surface. Flooding was maintained in all plots, except during mid-term drainage 
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in plots 1 and 2, which were watered following the traditional non-AWD approach. Water 

management is described in detail in section 3.2.1. 

 

4.2.3 Measurements 

 

Six observation plots (plots 1–6) were set up in the study area. CH4 emission flux was measured 

using the closed-chamber method at 1-week intervals. Two chambers were installed in each plot. 

The size of the chambers was 60 cm × 60 cm in cross section and 120 cm in height, and they 

were positioned to include a similar number (approximately 15) of rice stubbles. The air in the 

chamber was sampled 1, 10 and 20 min after installing the chamber at the base; the temperature 

within the chamber was measured simultaneously. CH4 concentration was measured by a gas 

chromatograph equipped with a flame ionization detector of which details are described in Itoh 

et al. (2011), and its flux was calculated using the following equation(1) (see section 3.2.4). 

 

 The paddy ponding depth (cm) near the chamber was observed using a water level 

sensor (WR-HR; Intech Instruments Ltd., Christchurch, New Zealand) at 10-min intervals. By 

burying a perforated PVC pipe into the soil, the water level was measured approximately 30 cm 

below the soil surface. Soil temperature (°C) was measured at 10-min intervals at 5 and 15 cm 

depths (5TE; Decagon Devices, Inc., Pullman, Washington). Using platinum electrodes and 

Ag/AgCl reference electrodes (4400; DKK-TOA Corporation, Tokyo, Japan), the Eh (mV) at 

depths of 5, 15, and 30 cm was measured and converted to the values of the standard hydrogen 

electrode (SHE) using the following equation: 

Eh = 𝐸obs − 1.01𝑇 + 224 (2) 

where Eh is the redox potential (mV vs. SHE), Eobs is the observed potential difference, and T is 

the soil temperature (°C). These parameters were measured at 20-min intervals. Meteorological 

factors (temperature and humidity measured using VP-3; Decagon Devices, Inc., Pullman, 

Washington), precipitation (ECRN-100; Decagon Devices, Inc., Pullman, Washington), and 

solar radiation (PYR; Decagon Devices, Inc., Pullman, Washington) were also measured at 10-

min intervals at a height of 10 m above the ground. 

 

4.3 Results and discussion 

 

4.3.1 Winter-spring cropping season 

 

Figure 4.1 shows the temporal changes in precipitation, CH4 emission flux, ponding depth, and 

Eh in each plot during the WS cropping period after transplantation. Frequent AWD was not 
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observed in plots 3–6, and it did not show obvious differences between plots 1 and 2 owing to 

the timing of precipitation; furthermore, the decrease in ponding depth above the soil surface 

was not large. 

 

 The ponding depth dropped below 0 cm from 48 to 54 days after transplantation 

(DAT), and CH4 emission peaked from 37 or 45 DAT. During this period, the soil Eh increased, 

the upper soil layers up to a depth of 30 cm were oxidized, and CH4 emission was suppressed. 

The increase in Eh (except in plot 1) at a depth of 15 cm occurred 1.5–2.5 days after its increase 

at a depth of 5 cm; the Eh at a depth of 30 cm increased 1–2.5 days later. In contrast, the 

increase in Eh at depths of 15 and 30 cm in plot 1 occurred later than that in the other plots; at a 

depth of 15 cm, the Eh increased 4.5 days after its increase at a depth of 5 cm, and it was 4 days 

later at a depth of 30 cm. The Eh increases mainly due to the oxidative environment caused by 

the entry of oxygen into the soil. The decreasing rate of the water level after the disappearance 

of flooding in plot 1 was not slower than in the other plots. The reason for the delay in the 

increase of Eh only in plot 1 was not clear, but it is possible that the measurement points in plot 

1 were partially reduction conditions. 

 

 A rainfall of 95 mm occurred at 71 DAT, and all plots were flooded at least until mid-

May. A CH4 emission of 0.059 mg m−2 min−1 was observed again at 80 DAT, and the emission 

increased at 87 DAT in plot 3. CH4 emission of 0.068 and 0.204 mg m−2 min−1 was observed at 

87 DAT in plots 2 and 6, respectively. Because plot 4 was flooded before this rainfall event, CH4 

emission of 0.020 mg m−2 min−1 was observed at 65 DAT, and then it increased to around 

0.4 mg m−2 min−1 at 87 DAT. Negligible CH4 emission was observed in plots 1 and 5 despite the 

flooding after the rainfall. For CH4 to be produced, a strong reduction condition and enough 

organic matter are necessary. When comparing Eh at the time of gas sampling on 87 DAT, the 

average values for the three depths of plots 1–6 were −107, −123, −130, −177, −149, and 

−133 mV, respectively. The low CH4 emission in plot 1 was considered due to the relatively 

high Eh. The reason for the low CH4 emission in plot 5 could not be determined from the results 

of this study, but it is possible that the amount of organic matter was low. 

 

4.3.2 Summer–autumn cropping season 

 

Figure 4.2 shows the observation results during the SA cropping period. The ponding depth 

dropped to less than 0 cm from17 to 25 DAT in all plots, and the rainfall event at 26 and 27 DAT 

caused flooding in plots 1, 2, 5, and 6. The ponding depth dropped below 0 cm again in all plots 

at 36 DAT. During the first non-flooding period, the Eh at 5 cm depth in plots 1 and 5 increased 
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Fig. 4.1 Temporal changes in rainfall, methane flux, ponding depth, and soil redox potential 

(Eh) in the winter-spring cropping season (WS) in 2017. For methane flux, the plots represent 

the measured values and the dotted lines represent the average. The vertical dashed lines 

indicate the boundaries between months 
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Fig. 4.2 Temporal changes in rainfall, methane flux, ponding depth, and soil redox potential 

(Eh) in the summer-autumn cropping season (SA) in 2017. For methane flux, the plots represent 

measured values and the dotted lines represent the average. The vertical dashed lines indicate 

the boundaries between months 
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by 397 and 287 mV, respectively, and the Eh in plot 4 at 5 and 15 cm depths increased by 294 

and 331 mV, respectively. The Eh at a depth of 30 cm did not increase, and CH4 emission during 

this period was not significantly reduced. In plot 3, the Eh at 5 cm depth remained well above 

0 mV even during the flooding following transplanting, and that at 15 and 30 cm depths was 

around −100 and −200 mV, respectively. CH4 emission decreased at 26 DAT when the flooding 

was ceased, but it did not approach zero. Plots 2 and 6 showed no increase in Eh at all depths 

during the short non-flooding period at 24–26 DAT, and there was no suppression of CH4 

emission. During the second non-flooding period at 34–43 DAT, the Eh increased at all depths 

and CH4 emission almost ceased in plots 1 and 5. In plot 4, the Eh started to increase at depths 

of 5 and 15 cm at 37–39 DAT, whereas CH4 emission decreased although it was still observed 

(0.125 mg m−2 min−1) at 40 DAT. In contrast, in plots 2 and 6, the Eh did not increase during the 

second non-flooding period and CH4 emission was not suppressed. In plot 3, during the first 

non-flooding period, the Eh at 15 and 30 cm depth, as well as CH4 emission, changed marginally. 

Similar to that in the WS cropping season, a lag in the increase in Eh was observed in four plots 

(excluding plots 2 and 6) at multiple depths; at 15 cm depth, the increase in Eh was delayed by 

0.5–2 days and at 30 cm by an additional 1.5–2 days after its increase at 5 cm depth. 

 

 Although the data of ponding depth after 44 DAT were missing, flooding likely 

continued until early September based on the Eh values, which decreased or remained low in all 

plots. In plots 1 and 5, CH4 emission was suppressed from 40 to 54 DAT and re-emission was 

observed at 63 DAT, caused by continuous flooding. 

 

4.3.3 Effect of the temporal changes in soil Eh at each depth on CH4 emission suppression 

 

The increase in Eh, which occurs during the period between the time when the flooding depth 

drops below the soil surface and the time when CH4 emission almost ceases, can clarify the 

relationship between the temporal changes in Eh and CH4 emission. For example, in plot 4 

during the WS season (Fig. 4.1), the ponding depth dropped below 0 cm at 53 DAT and the Eh 

at 30 cm depth increased at 57 DAT. The CH4 emission flux was 0.120 mg m−2 min−1 at 51 DAT 

and 0.007 mg m−2 min−1 at 58 DAT. Therefore, the increase in the Eh at 30 cm depth in addition 

to 5 cm and 15 cm during this period may suppress CH4 emission. Given that there was no 

change in Eh in plots 1, 2, 5, and 6 at 30 cm depth before and after the measurement day when 

CH4 emission almost ceased, the Eh at 15 cm depth may suppress CH4 emission (Fig. 4.1). The 

relationship between the Eh at the three depths and CH4 emission showed that the effective 

depth for CH4 emission was 0–15 cm for plots 1, 2, 5, and 6 and 0–30 cm for plots 3 and 4. 
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 In the SA cropping season, the effective depth for CH4 suppression was also different 

among the plots. For example, the increase in Eh at 30 cm depth in plot 1 occurred 40 DAT, 

when CH4 emission was almost zero (0.008 mg m−2 min−1) (Fig. 4.2). Thus, the Eh at 30 cm 

depth does not contribute to CH4 emission, as in plot 1 in the WS cropping. In plot 5, the Eh at 

5 cm depth increased and that at 15 and 30 cm depths was maintained around −200 mV at 

26 DAT, whereas CH4 emission was detected until 33 DAT. Thereafter, the Eh at 30 cm depth 

increased and CH4 emission was suppressed at 38 DAT, suggesting that CH4 emission is affected 

at 30 cm soil depth in addition to 5 and 15 cm. Although the plots are located in the same district, 

effective depths for CH4 suppression were different, and this may be due to heterogeneous soil 

hydro-biochemical properties, such as soil hydraulic parameters and oxidation-reduction 

processes. 

 

4.3.4 Suppression of CH4 by non-flooding 

 

Based on the discussion in the previous section, the data presented in Table 4.1 show the period 

from the time when the ponding depth dropped below 0 cm to the time when the Eh increased at 

a depth that contributes to CH4 emission cessation in WS and SA cropping. The changes in Eh 

shown in Table 4.1 are the values immediately before the increase in Eh and the maximum 

value after this increase when CH4 emission was almost zero (< 0.05 mg m−2 min−1). The 

increase in Eh lagged by 3–8 days after the ponding depth dropped below 0 cm in WS cropping. 

Wang et al. (1993) showed that CH4 emission started when the Eh reached approximately 

−150 mV at a soil pH of 6.7–6.9 under laboratory conditions. In paddy field experiments, the 

timing of substantial CH4 emission coincided with the timing of Eh drop to below −200 mV in 

the plow layer (Yagi and Minami, 1993). However, in the present study, CH4 emission was 

detected in the Eh range of −101 to −218 mV. In plot 2 and plot 5, CH4 was emitted at relatively 

high Eh values of −101 mV, which suggested that CH4 was produced deeper than the observed 

depth (30 cm). The soil in SA cropping rarely reached a dry state because of frequent rainfall, 

and there was no increase in Eh in plots 2, 3, 4, and 6 (Table 4.1). As a result, CH4 emission was 

not suppressed (Fig. 4.2). 

 

4.3.5 Re-emission of CH4 induced by flooding 

 

Under the non-flooding conditions, the soil dries and CH4 emission is suppressed by the 

increase in soil Eh. When the paddy is flooded again, the Eh decreases and CH4 re-emission 

commences, as observed in plots 2, 3, 4, and 6 in WS cropping (Fig. 4.1). The period from the 

time when the flooding starts to the time of CH4 re-emission in WS cropping was focused. 
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Table 4.2 shows the date and time when flooding was started, CH4 flux was observed before 

CH4 re-emission, and CH4 re-emission was observed. The period of possible CH4 re-emission is 

shown for each plot. 

 

 The data of plots 2, 3, 4, and 6 suggest a tendency for CH4 re-emission after 

continuous flooding for 14–22 days. The flooding in mid-April might have affected soil 

reduction and triggered CH4 emission. Immediately after the flooding, the Eh at 15 and 30 cm 

depth decreased to values at which CH4 emission could occur, but the actual emission of CH4 

was delayed. This delay was because ferrous iron (Fe2+) is oxidized under decreasing soil 

moisture conditions, which occur due to drainage and evapotranspiration, but the subsequent 

flooding suppresses the activity of CH4-producing bacteria by the reduction of Fe3+ and the 

accompanying consumption of hydrogen ions (H+) before CH4 production (Ma et al., 2012). 

 

4.3.6 Ponding management schedules for CH4 suppression and their effect 

 

The results of the present study suggest that CH4 emission is suppressed when the non-flooded 

state is maintained for 3–8 days (Table 4.1), and re-emission occurs when the flooding state is 

continued for 14–22 days (Table 4.2). Therefore, establishing a 3–8-day-long non-flooded state 

1 day before the end of the 14–22-day-long flooding state (i.e., flooding periods of 13 and 21 days) 

would suppress the emission of CH4. In addition, even if the Eh is low under flooded conditions 

and CH4 is released, maintaining the non-flooded state for at least 3–8 days will suppress the 

emission of CH4 and then allow farmers to irrigate the paddy plots. Applying the AWD 

management method that can implement these flooding and non-flooding periods will continue 

to suppress CH4 emissions. 

 

 Considering the variations in soil hydraulic and biochemical properties of paddy plots, 

the following four combinations of the ponding depth management schedule are proposed for 

the non-flooding periods of 3 and 8 days and flooding periods of 13 and 21 days to control CH4 

emission, in addition to the control or conventional schedule (CF, conventional flooding): 

 

⚫ CF: continuous flooding except during the mid-term drainage and pre-harvest non-flooding 

periods; 

⚫ Case I: 8 days of non-flooding, 13 days of flooding; 

⚫ Case II: 8 days of non-flooding, 21 days of flooding; 

⚫ Case III: 3 days of non-flooding, 13 days of flooding; and 

⚫ Case IV: 3 days of non-flooding, 21 days of flooding. 
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In these scenarios of AWD-based ponding water management (cases I − IV), the flooding period 

is controlled as long as possible within the range at which CH4 emission is suppressed, while 

avoiding the risk of soil drying, which could hinder rice growth. 

 

 Some common requirements are set for cases I–IV to secure rice yield. First, the rice 

transplanting date and the harvest date are set to February 15 and June 20, respectively, based on 

the WS in 2017 and the cultivation period of 126 days. Second, soil puddling is performed 

2 days before transplanting. Third, flooding periods of 14 days each after transplanting and 

1 week before and after heading will ensure unaffected rice growth (Siopongco et al., 2013). 

Fourth, the period of mid-term drainage is set to 15 days in early April based on WS cropping 

data in 2017. Fifth, the heading date is set to May 1 based on the cultivation experiments 

(Kotera et al., 2004) conducted to develop a model for estimating the heading date. Sixth, the 

non-flooding period before harvest is from May 28 to the harvest date as inferred from the 

actual ponding depth data of WS cropping in 2017. Although the above dates and periods 

depend on actual weather conditions, showing the example for rice cultivation in 2017 at this 

experimental site helps water managers and farmers to understand the days available between 

intermittent irrigation and the effects of optimal AWD on CH4 reduction and water conservation. 

Furthermore, the schedule can be easily modified depending on the cropping season. 

 

 Figures 4.3a−4.3d show ponding management schedules under CF and cases I − IV. 

The required non-flooding period for controlling CH4 emission is repeated two or three times, 

except during the mid-term drainage and before the harvest. Frequent non-flooding conditions 

are not always necessary for reducing CH4 emission—a non-flooding period twice before the 

mid-term drainage and once afterward will be sufficient (case I, III, and IV). The water-saving 

efficiency of these ponding water management practices is discussed in the next section. 

 

 The temporal changes in CH4 emission from the soil puddling to harvest for each case 

were estimated using the actual measured CH4 emission fluxes at the six plots to calculate the 

efficiency of AWD irrigation on the suppression of CH4 emission. For CF, the average value 

observed on each measurement day in the six plots was used. The value on one measurement 

date was assumed constant until the next measurement date. For cases I − IV, the maximum 

value of observed CH4 emission was applied to avoid overestimating the emission suppression 

effect. The CH4 flux from flooding to beginning of CH4 emission was considered the maximum 

value under the same conditions in the six plots (0.012 mg m−2 min−1 was obtained from the 

measurements). Subsequent emissions gradually increased from the point CH4 re-emission as  
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observed in plot 4 (Fig. 4.1), and then the values in the first and second weeks of re-emission of 

CH4 were 0.204 and 0.404 mg m−2 min−1, respectively, based on the observed maximum values. 

 

 Figures 4.3a−4.3d show the emission patterns under CF and cases I − IV. For example, 

in case I (Fig. 4.3a), CH4 emission was almost zero 8 days after switching from flooded to non-

flooded conditions, and it increased 13 days after switching to flooded conditions. Thus, CH4 

emission significantly increased on February 26, which is 13 days after the first flooding. It 

continued for 8 days after switching to non-flooding conditions on March 2, and reached almost 

zero levels from March 10, when flooding of the fields was allowed. Nevertheless, CH4 emission 

was suppressed for the next 13 days after flooding, until March 22. Although, in practice, CH4 

emission can be expected to decrease during the non-flooding period from March 2 to 9, 

especially in the latter half of the period, the CH4 emission amount at which flooding is 

continued is used to avoid the underestimation of CH4 emission risk. 

 

 Flooding periods of 14 DAT and 1 week before and after heading for securing rice 

growth significantly increase CH4 emission from the end of the flooding period to the end of the 

non-flooding period. The amount of CH4 emitted during the cultivation period was 10.6, 6.4, 8.3, 

and 2.2 g m−2 for cases I − IV, respectively, compared with 14.5 ± 7.5 g m−2 (± standard 

deviation) for CF (Fig. 4.4). Therefore, the CH4-suppression efficiency of AWD water 

management was 27%, 56%, 43%, and 85% for cases I − IV, respectively. More CH4 was emitted 

in case I than in case II, and in case III than in case IV, even though the required non-flooding 

period was the same. This was due to the flooding period after transplanting (and the flooding 

period before and after the ear emergence in case III). It is presumed that even if the ponding 

water management is performed by considering farmers' intention to maintain the plots flooded 

as much as possible, a certain level of CH4-suppression effect would be expected. 

 

 CH4 emission depends on rainfall, especially during the non-flooding period, and on 

air and soil temperatures during the cropping season. The actual water management also 

depends on the water requirement rate, which is determined by infiltration and 

evapotranspiration. Therefore, the actual CH4 suppression may be in accordance with the 

characteristics of the region and flexible based on weather conditions. 

 

4.3.7 Effect of schedules on water conservation 

 

The expected water-saving effects of the AWD management proposed for CH4 emission 

suppression were also estimated in the present study. The amount of irrigation for each plot was  
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Fig. 4.4 Estimated total methane emission in the winter-spring cropping season under different 

ponding water management schedules (Fig. 4.3a−4.3d). For conventional flooding, it was 

estimated based on the average measured methane emission (the error bars indicate standard 

deviation). For cases I-IV, it was estimated based on the maximum measured methane emission 

 

 

indirectly calculated by taking into account the water requirement rate and the water table in 

plots where the water table was lowered below the soil surface during the non-flooding period. 

 

 To calculate the water requirement rate, the actual evapotranspiration was assumed to 

be equal to the potential evapotranspiration, which was calculated using the Penman equation 

(Penman, 1948) from the meteorological data and expressed as the average values of 

evapotranspiration for every 15 days from late February to late May. The daily 

evapotranspiration values increased from around 2 to 4 mm day−1. The amount of infiltration 

was assumed to be the amount of ponding depth reduction at night (7:00 p.m. to 5:00 a.m. the 

following day in the no-rainfall period), because there is no irrigation, with little drainage and 

evapotranspiration. The average infiltration values were calculated before and after mid-term 

drainage because the amount of infiltration increases due to the formation of soil cracks after the 

mid-term drainage. The daily infiltration values were 3.5 and 5.7 mm day−1 before and after the 

mid-term drainage, respectively. The irrigation amount was set to be equal to the sum of 
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evapotranspiration and infiltration during the flooding period in the cropping season to ensure a 

ponding depth of zero at the end of the flooding period. 

 

 It is necessary to consider the amount of water required to switch from unsaturated to 

saturated soil conditions when calculating the amount of irrigation water after the non-flooding 

period. According to the above proposed schedules, the non-flooding period is up to 15 days 

from the mid-term drainage. Except for plot 4, the water level decreased to the average of −9 cm 

in 5 days, and in plot 4 it decreased to −17 cm in 5 days (Fig. 4.1). Therefore, the water level 

was estimated to decrease to a maximum depth of 50 cm for plot 4 and 30 cm for other plots 

from the actual water levels in 15 days. Measured soil water retention curves for the plots 

indicate that the saturated volumetric water content (porosity) was 0.634, and the volumetric 

water content at pressure heads of −50 and −30 cm was 0.557 and 0.575, respectively. Assuming 

that the volumetric water content from the soil surface to the water table is uniform at a value 

corresponding to a pressure head of −50 or −30 cm, the water amount required to reach the 

saturated state from the unsaturated state was estimated to be 39 mm (50 × [0.634–0.557] × 10) 

or 18 mm (30 × [0.634–0.575] × 10). 

 

 The irrigation amount during the cultivation period, excluding the amount of water 

required at the start of irrigation before soil puddling, was estimated to be 681 for CF and 623, 

652, 710, and 737 mm for cases I − IV, respectively, when the irrigated water volume at flooding 

was 39 mm (Fig. 4.5a). The values would be 660 for CF and 539, 589, 626, and 653 mm for 

cases I − IV, respectively, when the irrigated water volume at flooding was 18 mm (Fig. 4.5b). 

The water-saving efficiency (the percentage of saved water relative to CF) is expected to be 

18.3%, 10.8%, 5.2%, and 1.1% for cases I − IV, respectively, compared with CF, when the water 

volume at flooding was 18 mm. In contrast, the water-saving efficiency of 8.5% and 4.3% was 

calculated for cases I and II, respectively. In cases III and IV, the required irrigation amount 

increased by 4.2% and 8.2%, respectively, when the water volume at flooding was 39 mm. The 

number of flooding days was 89, 65, 73, 77, and 80 days in CF and cases I–IV, respectively (Fig. 

4.3a−4.3d). The number of re-flooding events was 1, 4, 3, 4, and 4 in CF and cases I–IV, 

respectively (Fig. 4.3a−4.3d). Even if the number of flooding days in cases III and IV was 

lower than that in CF, the amount of irrigation water was higher in cases III and IV than in CF 

because of the higher amount of water required for re-flooding and the increased frequency of 

re-flooding in cases III and IV. Because CH4 emission is suppressed by a shorter non-flooding 

period in cases III and IV, the frequency of re-flooding increases and the water-saving effect is 

reduced. It is desirable to set the non-flooding period such that its duration does not harm rice 

growth. 
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Fig. 4.5 Estimated irrigation amount in the winter-spring cropping season, excluding the amount 

of water needed at the start of irrigation before soil puddling, under different ponding water 

management schedules (Fig. 4.3a−4.3d) when the irrigated water volume at flooding was (a) 

39 mm and (b) 18 mm. CF, conventional flooding 
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4.4 Conclusions 

 

In this study, the ponding management schedule of AWD for suppressing CH4 emission was 

proposed based on the temporal changes in CH4 emission and the observed Eh at different 

depths within the 30-cm surface layer. CH4 emission reduction and water-saving efficiency of 

AWD water management were compared with the CF water management using observed and 

estimated data of CH4 emission and hydrological factors. Although the CH4 emission reduction 

and water-saving efficiency depend on the climate condition of each year, effective schedules 

based on the actual soil and meteorological characteristics are expected to help farmers and 

managers of water use groups because a concrete target flood management is specified. Future 

research should focus on modeling the relationship among hydrological and biochemical 

characteristics of soil, meteorological properties, and CH4 emission to establish a more 

generalized model for the required non-flooding period and the allowable flooding period aimed 

to reduce CH4 emissions. 
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5.1 Introduction 

 

When the soil is flooded, the redox potential (Eh) decreases along with reduction processes in 

the soil, and CH4 is produced by methanogens when Eh reaches a strongly reduced state, i.e., –

150 mV (e.g., Wang et al., 1993). Thus, periodically drying the soil to create an oxidative 

environment is effective at inhibiting CH4 generation (e.g., Watanabe et al., (2010)). 

 

 The optimal non-flooding period that should be maintained to suppress CH4 emission 

and the optimal continuous flooding period that can be tolerated to maintain CH4 emission 

suppression vary from plot to plot. One of the factors affecting the length of these periods is the 

infiltration rate. Previous studies have suggested that the infiltration rate also affects the amount 

of CH4 emission and the reduction rate during flooding. Infiltration reduces CH4 emissions by 

leaching large amounts of carbon dioxide, which is a substrate of methanogens, from the soil 

solution, which decreases CH4 production (Inubushi et al., 1992). However, Ishikawa and Iida 

(2019) investigated the relationship between CH4 emission flux and infiltration rate at different 

growth stages and found that the CH4 flux increased with increasing infiltration rate, except 

during the ripening stage, when this relationship was reversed. They suggested the following 

explanation. Before the ripening stage, the greater the infiltration rate, the more likely it is that 

methanogens will come into contact with low-molecular-weight compounds (substrates) 

dissolved in the infiltrating water per unit time, whereas during the ripening period, some 

substances inhibit the activity of methanogens and are distributed through the soil by infiltration. 

 

 These results suggest that the infiltration rate affects the CH4 flux during the flooding 

period; however, the results are not consistent and the mechanism is unclear. One method of 

analyzing the effect of infiltration on CH4 emissions is to study the redox state in the soil. 

Recently, there are few findings on the effect of water infiltration on Eh in paddy soils. 

Uchiyama et al. (1956) observed changes in soil Eh for 90 days after the start of irrigation in 

paddy soil and showed that, within one month of flooding, Eh decreased with increasing 

infiltration rate. Thus, they conjectured that microbial activity under anaerobic conditions 

became stronger with increasing infiltration rate (0–6 cm d–1, infiltration rate was adjusted twice 

a day). Kira et al. (1960) showed that Eh was higher during water infiltration through two years 

of pot tests (with and without rice, with infiltration rates of 0, 20, and 70 mm d–1), regardless of 

the presence or absence of rice. The authors attributed this to the flow of infiltrated water, which 

reduced the concentration of reducing substances; thus, the oxygen dissolved in irrigation water 

was mostly consumed in the soil near the ground surface, according to the results of dissolved 
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oxygen measurements in ponding and infiltrated water. Furthermore, rice plants with no 

infiltration did not grow well. Therefore, the authors concluded that the significance of 

infiltration was not the delivery of dissolved oxygen to the soil, but rather the removal of 

harmful reducing substances such as H2S. Furthermore, Takai et al. (1969) conducted four 

experiments on flooded soil in pots with and without rice and with and without infiltration. The 

results showed that Eh decreased to a similar degree, regardless of whether the soil was 

infiltrated or not and whether rice was planted or not. Subsequently, Takai et al. (1974) 

measured the Eh of flooded soil with infiltration (20 and 25 mm d–1) and without infiltration, 

using four types of paddy soil with different characteristics, and found that infiltration reduced 

Eh during active organic matter decomposition with high amounts of easily decomposable 

organic matter, but increased Eh with low amounts of easily decomposable organic matter.  

 

Owing to inconsistent findings on the effect of water infiltration on Eh in paddy soils, 

it is necessary to clarify the effect of infiltration rate on the reduction process and consider 

regionally appropriate ponding management techniques in order to improve the suppression 

effect of AWD on CH4 emissions. The withdrawal of flooding and subsequent unsaturation of 

the soil leads to the emission of CH4 trapped in the soil (Adviento-Borbe et al., 2015; Wassmann 

et al., 1994; Yagi et al., 1996). Therefore to accurately evaluate the effect of AWD with multiple 

non-flooding periods on CH4 emissions, it is important to focus on CH4 emissions during 

unsaturated soil conditions.  

 

The following hypothesis was formulated for this study. In a paddy plot with a low 

infiltration rate, it takes time for flooding to recede and the soil to become oxidized. CH4 

continues to be produced, and more CH4 is emitted when the soil becomes unsaturated owing to 

flood withdrawal. The purpose of this chapter is to investigate the effect of infiltration rate on 

CH4 emissions and Eh during AWD application through rice cultivation in pots under different 

infiltration rates. 

 

5.2 Materials and methods 

 

5.2.1 Experimental conditions 

 

Rice was grown in pots in a glass greenhouse in 2020 under two different irrigation conditions: 

continuous flooding (CF) without infiltration and AWD with three different infiltration rates in 

three replicates (numbered 1–3 for each condition). The soil used for the experiment was 

collected from a paddy plot in Shiga Prefecture, Japan, and passed through a 5-mm sieve. The 
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soil texture was light clay (sand 51.1%, silt 19.7%, clay 29.2%; ISSS), the soil particle density 

was 2.64 g cm–3, and the total organic carbon and nitrogen contents of the soil were 2.4% and 

0.21% of dry soil weight, respectively (C/N ratio = 11.4). Wagner pots (size 0.05 m2) were filled 

with gravel to a thickness of 5 cm and non-woven fabric (Paopao 90; MITSUBISHI 

CHEMICAL AGRI DREAM), then filled with soil to a thickness of 15 cm (bulk density: 1.18 g 

cm–3) on June 3 (Fig 5.1). Nipponbare (Oryza sativa L.) was transplanted into all pots on June 5, 

and a chemical fertilizer (14–14–14 NPK, 1.0 g per pot) was added as a base fertilizer on the 

following day (0.75 g as an additional fertilizer on August 7 (63 days after transplanting (DAT)). 

Subsequently, flooding was maintained until 20 DAT for all conditions of AWD without 

infiltration. Then, intermittent irrigation was conducted with three different infiltration rates 

(AWD-1: 0 mm d–1 (no infiltration), AWD-2: 9 mm d–1, and AWD-3: 18 mm d–1) by manually 

adjusting the rate every 2 h until October 2–3 (119–120 DAT) using the following method. The 

position of the tip of the tube installed at the bottom of the pot was adjusted to achieve drainage 

volumes of 39 cm3 and 78 cm3 per 2 h for AWD-2 and AWD-3. The schedule for intermittent 

irrigation is shown in Table 5.1. After the flooding receded, when the Eh at a depth of 15 cm 

increased then plateaued to approximately 700 mV, the entire pot was considered to be 

sufficiently oxidized, and water was supplied from the top of the pot so that the water surface 

 

Fig. 5.1 Schematic of the experimental setup 
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Table 5.1 Flooding periods under each condition. Each number represents the day after 

transplanting (DAT). Flooding periods are numbered according to the date when the flooding 

started; therefore, Flooding periods 2 and 4 are blank for AWD-1 

 AWD-1 AWD-2 AWD-3 

Infiltration rate 0 mm d–1 9 mm d–1 18 mm d–1 

Flooding 1 0–29 0–23 0–22 

Flooding 2  30–37 30–34 

Flooding 3 43–56 43–48 43–46 

Flooding 4  55–59 55–58 

Flooding 5 62–92 62–92 62–91 

Flooding 6 96–103 96–101 96–99 

Flooding 7 107–120 107–119 107–120 

*For CF, flooding was maintained during 0–119 DAT 

 

 

was 1 cm below the top of the pot. A flooding period before and after ear emergence is 

necessary for rice growth (Matsushima, 1962); thus, flooding was started at 62 DAT and 

maintained until 92 DAT after ear emergence was observed at 87 DAT. For CF, when the 

ponding depth was lower than 1 cm, water was supplied in the same way as for the AWD 

conditions. 

 

5.2.2 Measurements 

 

Soil temperature (5TE; METER) and Eh (Pt electrode, Ag/AgCl reference electrode (4400; 

DKK-TOA)) were measured at depths of 5 cm and 15 cm at 10-min intervals. CH4 fluxes were 

measured at one-week intervals, and 1 h and 2 h after the surface water disappeared and the 

water level was the soil surface, by gas sample collection via the closed chamber method and 

analysis via gas chromatography with a flame ionization detector (GC-14B; SHIMADZU). The 

chamber used in the closed chamber method was a polyvinyl chloride chamber with an inner 

diameter of 25 cm and a height of 100 cm. The air inside the chamber was sampled immediately 

after installation, 10 minutes later, and 20 minutes later. Soil water was withdrawn using a 

syringe connected to a porous cup (DIK-8393; DAIKI) buried at a depth of 7.5 cm at one-week 
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intervals, and water drained during that day was also collected, and after filtered with a 0.45 µm 

membrane filter, the total organic carbon (TOC) and total nitrogen (TN) were measured by the 

NPOC method (TOC-L; SHIMADZU). The drainage water was discarded every day after 

measuring the volume. In addition, the ponding depth was observed once per day in the morning. 

 

5.3 Results and discussion 

 

5.3.1 Periods of intermittent irrigation 

 

Temporal changes in the flooding depth and Eh are shown in Fig. 5.2. The Eh at a depth of 15 

cm in pot 3 of AWD-2 and at both depths in pot 1 of AWD-3 were excluded because of the 

malfunction of the measurement sensors. Additionally, the Eh at both depths in pot 3 of AWD-1 

at 53–70 DAT was omitted due to human error. For every condition, Eh reached –150 mV (the 

value at which CH4 is produced; Wang et al. (1993)) by 20 DAT under infiltration treatment. 

Figure 5.3 shows the temporal changes in CH4 flux, TOC, and TN in soil water and drainage 

water for AWD-2 and AWD-3. 

 

 In AWD-1, after the Eh decreased to –150 mV, it remained at approximately –200 mV 

until the water level reached 0 cm at 29 DAT. The Eh at depths of 5 cm and 15 cm increased 

after the flooding receded and CH4 emission ceased. After confirming that Eh had increased at a 

depth of 15 cm, the pot was re-flooded at 43 DAT. During this period, Eh at a depth of 15 cm 

decreased to approximately –180 mV, whereas Eh at a depth of 5 cm exhibited a relatively 

oxidative state of approximately 30 mV, and CH4 emission was not observed. After the flooding 

receded, Eh increased again and the soil was re-flooded at 62 DAT. After the end of the flooding 

period in the heading stage (Flooding period 5), temporary CH4 emission was observed (2.83 ± 

2.91 µg m–2 s–1) 2 h after the water level reached 0 cm. During Flooding period 6, which started 

at 96 DAT, Eh did not decrease to –150 mV at both depths, and minimal CH4 emission was 

observed. 

 

 For AWD-2 and AWD-3, the soil environment was more oxidative than that generally 

considered necessary for CH4 production during Flooding period 2 and 3 (Table 5.1); however, 

temporary emission of CH4 was observed immediately after Flooding period 3 (1.12 µg m–2 s–1 

in pot 1 of AWD-2 and 0.798 ± 0.450 µg m–2 s–1 in AWD-3). Despite the fact that Eh was higher 

than –150 mV in the subsequent Flooding period 4, CH4 emissions were observed immediately 

after the flooding receded (0.196 ± 0.103 and 0.414 ± 0.218 µg m–2 s–1 for AWD-2 and AWD-3, 

respectively). Thus, the CH4 produced during Flooding period 1 may have been trapped for a 
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Fig. 5.2 Temporal changes in ponding depth and Eh at depths of 5 cm and 15 cm under each 

condition. CF, AWD-1, AWD-2, and AWD-3 indicate continuous flooding conditions, and AWD 

under infiltration rates of 0 mm d–1, 9 mm d–1, and 18 mm d–1, respectively 

 

 

long time or produced in localized areas of strong reduction. After the end of the flooding period 

in the heading stage (Flooding period 5), temporary CH4 emission was also observed (1.62 ± 

2.42 and 14.4 ± 9.07 µg m–2 s–1) 2 h after the water level reached 0 cm. During Flooding period 

6, which started at 96 DAT and ended at 101 DAT for AWD-2 and 99 DAT for AWD-3, the Eh 

did not decrease to –150 mV at both depths, with minimal CH4 emission. 

 

 TOC increased during the flooding period and decreased during the non-flooding 

period (Fig. 5.3). The increase in TOC concentration was attributed to the Birch effect (Birch, 

1958), which occurs when the soil is dried and rewetted, resulting in a rapid increase in the 

amount of substrate and its decomposition, which releases CO2 and nutrients. The increased 
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Fig. 5.3 Temporal changes in CH4 fluxes and TOC and TN concentrations in soil water under 

each condition and drainage water under AWD-2 and AWD-3. CF, AWD-1, AWD-2, and AWD-

3 indicate continuous flooding conditions, and AWD under infiltration rates of 0 mm d–1, 9 mm 

d–1, and 18 mm d–1, respectively 

 

 

substrates consist of, for example, dead fungi and readily degradable organic matter in the 

aggregates released by their disintegration (Xiang et al., 2008). In the case of TN, both CF and 

AWD showed similar changes, with no difference observed between the water management 

techniques. 

 

5.3.2 Periods where flooding was maintained 

 

For CF, the peak TOC and CH4 emissions occurred at 77 DAT and 91 DAT, respectively (Fig. 

5.3). The peak TOC was mainly considered to be caused by the decomposition of dead roots. 

The increase in CH4 emissions after the heading stage was attributed to the supply of organic 

carbon to the soil due to the decomposition of dead roots (Tokida et al., 2011); this TOC 
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increase may have affected the peak in CH4 emissions. The same trend was observed under 

AWD conditions, which may be attributed to a combination of decomposition of dead roots, and 

the Birch effect. During this flooding period, Eh was below –150 mV at all conditions and 

depths, except for pot 1 in AWD-2. The infiltration rate did not have a significant effect on the 

time required to reach –150 mV at either depth (Tukey HSD). However, it was observed that 

CH4 was emitted on 84 DAT in AWD-3 (1.15 ± 0.89 μg m–2 s–1), which was ahead of other 

AWD treatments. Furthermore, under all infiltration conditions of AWD treatments, temporary 

CH4 emission was observed after the water level reached 0 cm (2.83 ± 2.91, 1.62 ± 1.83, and 

14.43 ± 9.07 µg m–2 s–1 in AWD-1, AWD-2, and AWD-3, respectively; Fig. 5.3). 

 

 Based on the results of Flooding period 5, another period in which flooding was 

maintained was set from 107 DAT (Flooding 7) to confirm whether a higher infiltration rate led 

to faster CH4 production. However, during this period, the Eh of AWD-1 to AWD-3 did not 

decrease to –150 mV at both depths, with minimal CH4 emission. 

 

5.3.3 Change in total CH4 emission by AWD treatment 

 

To evaluate the effectiveness of the AWD, the total amount of emissions was calculated and 

compared. The calculation period was from 20 DAT, when infiltration started, to 126 DAT, one 

week after the pre-harvest drainage, and the measured values were accumulated according to the 

measurement interval. The cumulative fluxes were 11.6 ± 0.900 g m–2 for CF, and 1.57 ± 0.258 

g m–2, 0.953 ± 0.978 g m–2, and 3.44 ± 2.18 g m–2 for AWD-1 to AWD-3, respectively (Fig. 5.4). 

Although the CF condition was continuously flooded, the period of 62–92 DAT was set as 

Flooding period 5. Temporary CH4 emission immediately after Flooding period 5 was included 

in “Flooding 5” because the emitted CH4 was considered to be produced during Flooding period 

5. When compared over the entire period under all conditions, AWD treatment significantly 

suppressed CH4 emissions compared to CF (Tukey HSD: p < 0.01). Temporary emissions were 

observed at the time of flooding withdrawal under every condition. This phenomenon has been 

reported as the emission of CH4 trapped in soil in some studies (Adviento-Borbe et al., 2015; 

Wassmann et al., 1994; Yagi et al., 1996), but has not received much attention to date. However, 

this phenomenon is important for the accurate evaluation of CH4 emissions when applying 

intermittent irrigation methods in which flooding recedes multiple times, such as AWD. To 

capture the phenomenon more accurately, it was necessary to measure the CH4 flux more 

frequently. 

 

 



 

 

 

Chapter 5 

84 

 

 

5.3.4 Effect of infiltration rate on CH4 emission 

 

Prior to Flooding period 5, CH4 emissions tended to decrease as the infiltration rate increased 

(Fig. 5.4), which may be due to the fact that the flooding period became shorter as the 

infiltration rate increased. In addition, CH4 emissions appeared to increase in AWD-3 during 

Flooding period 5 (Tukey HSD; p < 0.10). There was no significant difference between AWD-1, 

AWD-2, and AWD-3 because the temporary emission after flooding withdrawal was not 

captured for one of the pots in AWD-3, which increased the variance of the data. If the pot for 

that period was excluded, the amount of emission in AWD-3 was significantly greater than that 

of AWD-1 and AWD-2 (Tukey HSD; p < 0.01). The major reasons for the higher CH4 emissions 

in AWD-3 during Flooding period 5 included the fact that emission in AWD-3 occurred at 84 

DAT, before that under the other conditions, and the emission caused by flooding withdrawal 

after ear emergence (Fig. 5.2). In other words, the high infiltration rate increased the amount of 

CH4 produced in soil and emitted to the atmosphere through rice plants (Setyanto et al., 2004) 

 

 

 

Fig. 5.4 Accumulated CH4 emissions during the cropping season from the start of infiltration 

(20 DAT) under each condition. CF, AWD-1, AWD-2, and AWD-3 indicate continuous flooding 

conditions, and AWD under infiltration rates of 0 mm d–1, 9 mm d–1, and 18 mm d–1, 

respectively. Letters (a, b, and c) represent the results of the Tukey HSD test for different groups 

with the same symbols (+, -, and #). The p-value criterion is <0.05 for both tests 
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during the flooding period and, as a result, more CH4 trapped in the soil was emitted into the 

atmosphere after the flooding receded. Inubushi et al. (1992) investigated the effect of 

infiltration on CH4 emissions in pot experiments by infiltrating 52 mm every two weeks. They 

compared the amount of CH4 emitted during the flooding period, and found that infiltration 

reduced the amount of CH4 emitted, which they attributed to the leaching of CO2. Yagi et al. 

(1998) studied the effect of infiltration on CH4 emission using a lysimeter for four years 

(infiltration rates of 0, 5, and 20 mm d–1 in the first three years, and 0, 7.7, and 25 mm d–1 in the 

fourth year) and found that the decrease in Eh was suppressed and CH4 emission was reduced as 

the infiltration rate increased when the flooded state was maintained throughout the cultivation 

period. Ishikawa and Iida (2019) used a lysimeter to set infiltration rates of 0, 15, and 20 mm d–1 

and applied mid-term drainage and intermittent irrigation, and reported that the CH4 emission 

flux increased with increasing infiltration rate, except during the ripening period. They 

speculated that methanogens in strongly reduced soil have a greater chance of contacting the 

substrate per unit time at a higher infiltration rate. Regarding the TOC concentration in the 

drainage water on 84 DAT in our experiment, when CH4 emission was observed in AWD-3 

ahead of the other two AWD treatments, values were 29.3 ± 8.44 mg L–1 in AWD-2 and 60.9 ± 

20.1 mg L–1 in AWD-3, indicating a significant increase in AWD-3 (t-test; p < 0.05). These and 

the Eh measurements suggest that the water management history before the heading stage 

affects the effect of infiltration rate on CH4 emissions, and that a greater infiltration rate 

increases the amount of substrate that can penetrate downward under AWD conditions, rather 

than shortening the time to reach the reduced state required for CH4 production. It is not clear 

whether the lower TOC concentration in the soil water of AWD-3 was due to the fact that more 

water was drained or that the larger infiltration rate lowered the amount of carbon supplied to 

the pot (dead roots, root exudates, etc.). Detailed monitoring of the amount of carbon emitted as 

CH4 and CO2, in addition to the concentrations of organic carbon in the pots, is required in the 

future in order to elucidate the mechanism controlling the different amounts of CH4 emission 

with infiltration. 

 

5.4 Conclusions 

 

This study hypothesized that CH4 production would increase with decreasing infiltration rate 

because the soil would be maintained in a reductive state for a longer period. However, CH4 

emission was greatest under the highest infiltration rate (18 mm d–1); thus, the hypothesis was 

refuted. In particular, when flooding was artificially maintained for a long period for rice growth, 

such as during the heading stage, more CH4 was emitted during the subsequent period of 

flooding withdrawal. Although the effect of infiltration rate on the rate of Eh decrease could not 
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be confirmed, a difference in TOC concentrations in drainage water caused by the difference in 

infiltration rate suggested that infiltration affected the amount of substrate movement. 
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6.1 Summary of the study 

 

Paddy fields are one of the main agricultural sources of CH4, a greenhouse gas, and the 

implementation of global warming adaptation and mitigation strategies is important for the 

sustainable development of rice cultivation in the future. This thesis has reported on a water 

management study conducted in paddy fields to investigate the efficacy of this practice as a 

global warming mitigation strategy. In order to investigate the potential for using water 

management as a means of controlling CH4 emissions, hydrological and meteorological 

observations, soil water content and redox potential measurements, and CH4 emission estimates 

were determining in the field and in the laboratory tests. Based on the analysis of these data, a 

management method from the perspective of farmers and water managers was proposed. In this 

chapter, the key findings of the experiments detailed in Chapters 3 to 5 are summarized (Section 

6.1) and future research directions are discussed (Section 6.2). 

 

 In Chapter 3, the feasibility of AWD in experimental block units (conventional, weak-

dry, and strong-dry) in paddy fields of approximately 44 ha in the Red River Delta area of 

Vietnam was investigated by examining the effects of intermittent irrigation (i.e., AWD) on the 

ponding depth, CH4 and N2O emissions, and rice yield in blocked experimental plots. Although 

AWD water management is known to be effective and save water, practical examples of AWD 

at the district or farm level are limited. Intermittent irrigation was expected to be achieved 

through the operation of irrigation pumps and sluice gates of water division works by the water 

management organization (water user group) of the district. However, the ponding depth was 

not controlled as initially planned because of frequent rainfall and low rate of decrease of the 

ponding depth in the study area. It was, however, confirmed that the period during which the 

ponding depth decreased below the soil surface was mostly (but not always) longer in the dry-

type blocks. CH4 emissions decreased with an increase in the drying period and this reduction 

was large in the summer-autumn season. There appeared to be no relationship between N2O 

emissions and water management. Rice yield decreased due to extreme drying in the summer-

autumn season but was not affected by drying in the winter-spring season. This study 

demonstrated that CH4 emissions can be reduced and rice yield can be maintained by achieving 

a maximum drying index (i.e., ratio of the period during which the ponding depth is below the 

soil surface) of 0.6 in the summer-autumn season in the paddy fields of the target area. 

 

 In chapter 4, to achieve organizational ponding water management sustainably, the 

optimal ponding water management schedule to reduce CH4 emissions was identified by using 
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the measured data of ponding depth, soil redox potential (Eh), and CH4 fluxes from field 

experiments in the Red River Delta area of Vietnam and its effects on CH4 emission and water 

conservation was shown. Observations in the winter-spring cropping season showed that the 

non-flooding period of 3–8 days suppressed CH4 emission, and the continuous flooding period 

of 14–22 days caused CH4 re-emission. Information regarding the non-flooding period to be 

maintained and the flooding period to be avoided to suppress CH4 emission was not obtained for 

the summer-autumn cropping season due to abundant rainfall. The proposed schedule could 

suppress CH4 emission by 27%–85% and increase the amount of conserved water by up to 18% 

compared with traditional flooding protocols, but it may increase irrigation water due to the 

frequency and the amount of re-flooding. 

 

 Since the schedule proposed in Chapter 4 is only specific to the region where the study 

site is located, it was considered important to expand the scope of its application. In Chapter 5, 

to investigate the effect of infiltration rate, which is thought to affect the non-flooding period to 

be maintained and the continuous flooding period to be avoided, which is important in 

determining the schedule, rice plants were cultivated in pots with three different infiltration rates 

(0, 9, and 18 mm d–1) under AWD. As a result, the soil was more oxidative than the conditions 

generally required for CH4 production (Eh > –150 mV) under intermittent irrigation, regardless 

of the infiltration rate. CH4 emission was suppressed by at least 37% compared to continuous 

flooding and no-infiltration conditions; however, temporary emission was observed 1–2 h 

immediately after the flooding receded. This phenomenon is important for more accurately 

determining CH4 emissions in water management techniques such as AWD. CH4 emissions 

during the heading stage, including temporary emissions after the flooding receded, were 

greatest under the highest infiltration rate (18 mm d–1). The infiltration rate did not affect the 

rate of soil Eh reduction; however, the total organic carbon concentration in the drainage water 

suggested that more carbon, a substrate for methanogens, migrated to the bottom of the pot with 

increasing infiltration rate, which likely increased CH4 emissions. 

 

6.2 Conclusions and future research 

 

The overall conclusions and future research directions are as follows. 

 

Chapter 3 

 

Although the organizational AWD water management system (including pump and gate 

operation) increased the dryness of the weak and strong dry blocks compared to the 
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conventional block in some years, the timing of rainfall and poor drainage prevented the 

achievement of the originally planned ponding depth in some years. In order to improve the 

feasibility of AWD management in this region in the future, it is important to provide water 

management organizations and farmers with a concrete ponding management schedule for the 

non-flooding period to control CH4 emissions, taking into account the physiologically necessary 

flooding period and the mid-term drainage period to prevent rice yield loss. CH4 emissions are 

much higher than N2O emissions and policies to reduce CH4 emissions should be emphasized in 

the study area. CH4 emissions decreased with increasing duration of soil surface drying, but 

excessive drying in Summer–Autumn cropping season could lead to yield loss. 

 

Chapter 4 

 

Based on the temporal variation of CH4 emissions and redox potential observed at different 

depths within 30 cm of the surface layer, water management schedules for AWD to reduce CH4 

emissions were proposed in this study. The observed and estimated CH4 emissions and 

hydrological factors were used to compare the CH4 emission reduction and water-saving effects 

of AWD water management with conventional water management (continuously flooding). 

Although the CH4 emission reductions and water-saving efficiency depend on the climatic 

conditions of each year, effective schedules based on actual soil and weather characteristics are 

expected to be useful for farmers and water users' managers because concrete targeted ponding 

management is identified. Future research should focus on establishing a more general model 

for the required non-flooding period and allowable flooding periods to reduce CH4 emissions. 

Also, in order to implement this technology in the future, it is necessary to provide incentives for 

organized water management, including financial support from the government and 

technological improvements that will improve yield and quality. 

 

Chapter 5 

 

This study hypothesized that CH4 production would increase with decreasing infiltration rate 

because the soil would be maintained in a reduced state for a longer period. However, this 

hypothesis was rejected as CH4 emissions were maximum at the highest infiltration rate (18 mm 

d–1). In particular, when rice plants were artificially flooded for a long time for growth, such as 

during the heading stage, more CH4 was released during the subsequent non-flooding period. 

Although the effect of infiltration rate on the rate of Eh reduction could not be confirmed, the 

difference in TOC concentration in the drainage water due to different infiltration rates 

suggested that infiltration affected the amount of substrate transported. 
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From the conclusions of the above chapters, it was found that it is necessary to focus 

on the temporary CH4 emission phenomenon immediately after the flooding receded in addition 

to the infiltration rate in order to more accurately evaluate the effect of water management on 

the suppression of CH4 emission and to make the schedule more effective under AWD. It was 

difficult to determine when and where the CH4 was produced, and in fact, in Chapter 5, a 

temporary emission of CH4 was observed after the flooding receded in the pots where AWD was 

applied, even though the redox potential was maintained high (oxidated state).  

 

Therefore, one of the future tasks is to monitor the redox potential and the amount of 

CH4 produced in the soil in detail in order to determine when the CH4 emitted after the flooding 

receded was produced. In other words, it is important to clarify whether the amount produced 

during the flooding period is retained for a long time and emerges accidentally when the soil 

becomes unsaturated, or whether there are localized areas of strong reducing conditions that 

continue to be produced while the oxidative environment is thought to be maintained by 

intermittent irrigation. It would also be helpful to clarify the effect of infiltration rate on CH4 

production and emission, which is considered to be one of the factors that determine the non-

flooding period to be maintained and the continuous flooding period to be avoided in the 

ponding depth management schedule, while taking into account the carbon balance, including 

the physiology of rice (carbon fixation and emission to the soil) and soil chemistry (carbon 

content), to draft a more universal schedule.  
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