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1. General Introduction

1.1. Greenhouse Gas Emissions from Rice Paddy Field

Rice paddy fields supply staple food for half of the world's population but account for about
48% of greenhouse gas (GHG) emissions from agricultural land (Qian et al., 2023). Methane
(CH4) emissions from rice paddy fields are particularly high in irrigated areas, which comprise
60% of the global rice harvested area and are responsible for 78% of total rice CH4 emissions
(Carlson et al., 2017). Rice paddy fields function as a major source of CHs, but nitrous oxide
(N20) emissions are generally lower than those from upland fields (Akiyama, 2024). On the
other hand, rice paddy fields have been shown to have a high capacity for soil carbon stock,
which helps stabilize carbon dioxide (CO») in the soil (Chen et al., 2021; Lal, 2004; Pan et al.,
2004). In recent years, increasing attention has been given to negative emissions, which aim to
remove atmospheric CO> by capturing it and sequestering carbon in the soil, due to the long
residence time of CO; in the atmosphere. Additionally, the atmospheric lifetime of CHy is
estimated to be about 9.1 years, whereas that of N>O is 116 years and that of CO; is 1 to several
thousand years (IPCC, 2023). Therefore, CH4 emission reductions in particular are likely to

reflect the effectiveness of global warming countermeasures.

1.2. Importance of Transitioning to Organic Rice Farming and Enhancing Yield

Furthermore, a major issue in the future is that global rice demand is projected to increase by
approximately 28% by 2050, mainly due to population growth in developing countries
(Alexandratos and Bruinsma, 2012). The application of large amounts of chemical fertilizers
can significantly increase rice yields, it also comes at the cost of increased environmental
burdens. Avoiding excessive fertilization is fundamentally tied to the principles of organic
farming. In Japan, organic agriculture is defined as organic agriculture as agriculture that uses
methods that basically do not, in principle, use chemically synthesized fertilizers, pesticides or

genetic modification technology and which aims to minimize the burden of agricultural
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production on the environment (MAFF, 2024). Therefore, the overapplication of fertilizers, one
of the major sources of environmental pressure, is considered inconsistent with organic
agriculture. In fact, according to the planetary boundary assessments, nitrogen and phosphorus
have already accumulated beyond safe environmental thresholds (Rockstrom et al., 2009), and
further dependence on fertilizers poses a serious risk to sustainability. Particularly in rice
cultivation, it has been shown that the majority of essential nutrients required by rice plants
such as nitrogen, phosphorus, potassium, and silica are supplied from the soil (Mitsueda and
Kimura, 2010), making it possible to enhance productivity by harnessing the soil’s natural
fertility. Thus, organic cultivation emphasizes strategies that avoid over-fertilization while
drawing on inherent soil fertility, making it a highly important approach in the pursuit of
sustainable agriculture. Furthermore, in order to address the increasing rice demand due to
global population growth and mitigate global warming, it is urgent to establish sustainable
organic rice farming that can enhance soil carbon stock and reduce GHG emissions from rice

paddy fields while maintaining high yields under low-input conditions.

1.3. Potential and Concern of Multiple Inter-tillage Weeding Practice

There is an organic rice farming practice known as Multiple Inter-tillage Weeding (MIW) that
has been passed down since Japan’s Edo period. It has been reported that combining more than
four times of MIW in rice paddy fields without fertilizer and agrochemicals results in high-
quality rice with high yields sustained over a long term (five years) (Kasubuchi et al., 2019).
Additionally, according to reports by Zhou et al. (2023), MIW have been shown to increase the
nitrogen concentration in both paddy field water and soil, promoting rice growth and yield.
MIW are conducted in a flooded state during the rice-growing season, which facilitates oxygen
supply to paddy field water and soil due to the disturbances caused by MIW (Kasubuchi et al.,
2019). The oxygen supply associated with MIW is expected to improve the anaerobic

conditions of soil, significantly reducing CH4 emissions. Additionally, MIW plows weeds into
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the soil while maintaining a flooded state. Some classical literature explains that the
decomposition of organic matter in flooded soil is slower than in well-drained soil (Song et al.,
2024; Witt et al., 2000). Therefore, the incorporation of weeds associated with MIW may
contribute to the enhancement of soil carbon stock. Soil carbon stock is considered one of the
most cost-effective methods for mitigating global warming (Lal, 2004).

On the other hand, there are several concerns. In paddy soils that are clearly saturated with
water, gas bubbles account for more than 60% of the CH4 balance in the soil, with the remainder
existing in dissolved form (Tokida et al., 2013). This suggests that the disturbance of MIW may
induce bubble release, leading to the release of high concentrations of CH4. According to Booth
et al. (2021), the intermediate disturbance frequency (every 7 days) resulted in the highest total
GHG emission rate. In contrast, the most frequent disturbance (every 3 days) and no disturbance
(0 days) reduced total GHG emissions by 24% and 15%, respectively, compared to the 7-day
interval. These patterns mainly depended on differences in ebullitive CH4 emissions released
during the disturbances. Therefore, the frequency of MIW may strongly influence ebullitive
CHys release, potentially affecting overall GHG emissions and carbon stock. It is important to
quantify gaseous CHs4 emissions during MIW and incorporate them into evaluation of GHG
emissions and carbon stock balance.

The oxygen associated with MIW is supplied to areas in soil under flooded conditions. This
may accelerate oxygen consumption by microorganisms, increase CO: (heterotrophic
respiration, RH) emissions, and could also accelerate the mineralization of organic matter in
both aerobic and anaerobic environments. Since CH4 production is strongly influenced by the
availability of carbon substrates, the addition of organic matter may strongly stimulate CH4
production (Le Mer and Roger, 2001; Song et al., 2024). N>O emissions from rice paddy fields
occur as a result of nitrification and denitrification processes, both of which have different
optimal soil moisture levels (Chen et al., 2021; Wang et al., 2020). Conditions that alternate

between wet and dry, such as intermittent irrigation, have been observed to produce high N,O
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concentration. Therefore, the oxygen supply resulting from the regular disturbance of MIW
may fluctuate the soil redox condition, promoting N>O production and increasing emissions.
While there are several previous studies that found MIW to be effective in increasing yield
(Kasubuchi et al., 2019; Zhou et al., 2023), few studies have assessed the impact of MIW on
GHG emissions and carbon stock. Furthermore, providing incentives such as carbon credits or
increased yields to farmers can be a shortcut to social implementation, making it important to

evaluate MIW farming practice in terms of environmental impact perspective.

1.4. Objectives and Structure

The objective of this study is to clarify the effects of MIW on GHG emissions, carbon stock,
and rice yield, and to evaluate its applicability to sustainable organic rice farming. To achieve
this, CHs4 and N2O emissions from rice-mediated, ebullition, diffusion, and MIW-mediated
pathways are quantified. Furthermore, GHG emissions, including MIW-mediated CH4 and N>O
emissions, rice growth and yield, soil environmental factors, and carbon budget, are monitored
to assess the long-term impacts of MIW on the GHG balance, rice yield, and carbon balance.
This thesis is composed of seven sections. Section 1 presents a general introduction to the
study and its objectives. Section 2 provides a review of the relevant literature related to the
research theme. Section 3 describes the study site, materials, and the general methodologies
used in the study. Section 4 discusses the development of methods to quantify gas emissions
through four major pathways, rice-mediated, diffusive, ebullitive, and MIW-mediated, as well
as how MIW affects each of these pathways. Section 5 evaluates the effects of MIW on rice
growth, yield, soil environmental factors, GHG balance, and carbon balance based on the results
obtained from a five-year monitoring study. Section 6 is a general discussion of this study.

Section 7 is a general conclusion. Through these sections we verify the feasibility of adaptation.
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2. Literature Review
2.1. Trend of Greenhouse Gas Emissions

Since the Industrial Revolution, the rapid increase in GHG in the atmosphere has been mainly
due to human activities, becoming a major driver of global warming. GHG with strong forcing
includes CO,, CH4, and N>O, among others.

Figure 2.1 shows the trend in global monthly average atmospheric CO» concentrations since
1980. Atmospheric CO; concentrations have increased an average of 1.90 ppm year! over the
past 45 years (1979-2023), with the rate of increase accelerating to an average of 2.5 ppm year
! in the most resent decade (2014-2023), compared to an average of 1.6 ppm year!' over the

past decade (1980-1990) (NOAA, 2024).
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Figure 2.1. Global monthly means CO: concentration since 1980 (NOAA, 2024). The dashed
red line with diamond symbols represents the monthly mean values, centered on the middle of
each month. The black line with the square symbols represents the same, after correction for

the average seasonal cycle.

Figure 2.2 shows the trend in global monthly average atmospheric CH4 concentrations since
1980. Atmospheric CH4 concentrations tended to increase from 1983 to 1999. This rapid CH4
growth followed the green revolution with increased crop production and a fast rate of

industrialization that caused rapid increases in CH4 emissions from ruminant animals, rice
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cultivation, landfills, oil and gas industry and coal mining (IPCC, 2023). But it remained almost
constant during the period 1999-2006. The temporary pause in CH4 growth rates can be
attributed to several factors: a decline in gas flaring due to the surge in oil prices in the 1980s,
reduced CH4 emissions from wetlands caused by lower surface temperatures following the 1991
Mt Pinatubo eruption, and, from the late 1990s to 2006, emission reductions in the oil and gas
sector as well as enhanced atmospheric CH4 oxidation (IPCC, 2023). However, over the past
few years (2019-2023), it has again shown a rapid increasing trend with an average of 13.2 ppb
year'!. The cause of the recent increase is not fully understood, but it has been attributed to
warmer temperatures in the Arctic in 2007 and increased precipitation in the tropics in 2007
and 2008, and isotopic measurements indicate that microbial emissions (i.e., from wetlands or

agriculture) have continued to increase since 2008 (NOAA, 2024).
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Figure 2.2. Global monthly means CH4 concentration since 1980 (NOAA, 2024). The red
lines and circles are globally averaged monthly mean values centered on the middle of each
month. The black line and squares show the long-term trend (in principle, similar to a 12-

month running mean) where the average seasonal cycle has been removed.

Figure 2.3 shows the trend in global monthly average atmospheric N2O concentrations since
1980. The atmospheric load of N>O has continued to increase over time. In addition, its annual

rate of increase, which averaged 1.1 ppb year! over the past decade, has also increased; the
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annual increases measured in NoO in 2020, 2021, and 2022 are the fastest recorded since

measurements began (1.3 ppb year!), while the 2023 increase was 1.03 ppb year™.

Global Monthly Mean N,O
335}
330+

325r

N2O mole fraction (ppb)

320

<

31 L L
EOOU 2010 2020
Year

Figure 2.3. Global monthly means N>O concentration since 1980 (NOAA, 2024). The red
lines and circles are globally averaged monthly mean values centered on the middle of each
month. The black line and squares show the long-term trend (in principle, similar to a 12-

month running mean) where the average seasonal cycle has been removed.

Thus, we can see that atmospheric CO>, CHs, and N>O concentrations have increased rapidly
over the past several years. According to [IPCC (2023) there is no doubt that human activities
have caused global warming mainly through GHG emissions, it’s also reporting that the global
average temperature based on the 1850-1900 baseline increased by 1.1°C from 2011 to 2020.
Therefore, the reduction of these GHG emissions is an urgent issue to mitigate global warming.

Amidst the demand for GHG reductions, the agricultural sector is receiving particular
attention. It is reported that emissions from agriculture will account for 11% of the world's total
GHG emissions (59 Gt-COy) in 2019 (MAFF, 2024, Figure 2.4). Furthermore, GHG emissions
from agriculture, forestry, and fisheries in Japan in 2022 accounted for 4.2% of total emissions,

of which CH4 emissions accounted for the majority at 51.1% (MAFF, 2024, Figure 2.4). The
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main cause of these CH4 emissions is rice farming, as the flooded cultivation characteristic of

rice paddy fields promotes anaerobic decomposition and increases CH4 emissions.

® GHG emissions from global agriculture and forestry

Agriculture
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GHG emissions
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Approx. 59 Gt-CO,
(2019)
Land use,
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“Agriculture” includes emissions from rice cultivation, livestock production, fertilizer application,
etc., but does not include emissions from fuel combustion.

® GHG emissions from Japan’s agriculture, forestry and fisheries
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Source: Ministry of Agriculture, Forestry and Fisheries.

Figure 2.4. Current Greenhouse gas (GHG) emissions (MAFF, 2024 improve).

Rice (Oryza sativa L.) is a staple food for almost half of the world's population and is an
important crop accounting for 15% of the total calorie supply of the entire crop (Carlson et al.,
2017). However, rice production has a significant impact on GHG emissions, particularly CH4

emissions. For example, according to estimates by Carlson et al. (2017) utilizing spatially
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detailed irrigation data, organic material inputs, and cropping calendars, CH4 emissions from
flooded rice paddy fields amounted to 962 Tg CO»-eq year™!, accounting for 92% of total GHG
emissions from rice paddy field (Figure 2.5a). Notably, CH4 emissions from rice paddy fields
are concentrated in irrigation areas, which represent 60% of the total harvested rice area but
contributed 78% of total rice CH4 emissions (Figure 2.5b). The results of the regional
distribution of GHG emissions suggest that CH4 emissions from paddy fields in monsoon Asia

play an important role in the global GHG budget (Figure 2.5b).
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Figure 2.5. Global cropland greenhouse gas emissions (a) and intensities of the top ten

emitting food crops and regions (b) (Carlson et al., 2017).

In recent years, international efforts to curb CO, emissions have been progressing, with the
“4/1000 Initiative” and other initiatives attracting attention. This initiative promotes activities
to increase soil carbon based on the concept that “if the amount of carbon in the world's soils
could be increased by 4/1000 each year, the increase in atmospheric CO2 concentration could
be controlled” (Kon Kam King et al., 2018). Rice paddy fields, in particular, have the highest
carbon concentrations of all terrestrial ecosystems, and the high productivity of rice, regular
waterlogging in rice cultivation, and low anaerobic decomposition rates of organic matter

associated with rice paddies are favorable for soil carbon storage (Song et al., 2024). Thus, the
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management practices of rice paddy fields could make a significant contribution in terms of

carbon stock.

2.1.1. Dynamics of Greenhouse Gas in Rice Paddy Field
The dynamics of CH4 and N>O in rice paddy fields are shown in Figure 2.6. CH4 is the end

product of anaerobic decomposition of organic matter under anaerobic conditions with a redox
potential (Eh) below -150 mV. This process proceeds after inorganic electron acceptors such as
nitrate (NO5"), ferric (Fe**) and sulfate ion (SO4*) are depleted (Takai, 1969). CHa is produced
primarily by methanogenic bacteria belonging to the archaeal domain, which includes
acetotrophic and hydrogenotrophic methanogens (Qian et al., 2023). Substrate sources for
methanogenesis include soil organic carbon (SOC), root leachate, residues from previous crops,
and externally added organic matter (Qian et al., 2023, Figure 2.6.).

On the other hand, CH4 produced in rice paddy fields may be consumed by aerobic
methanotroph microorganisms in the topsoil and rhizosphere, where the concentration gradients
of Oz and CH4 overlap (Qian et al., 2023, Figure 2.6). It has been reported that about 80% of
the CH4 produced in rice paddy field soils is oxidized during its passage through the soil surface
layer (Conrad and Rothfuss, 1991). Since the production and oxidation of CH4 is dependent on
microbial activity, the rate of CH4 production and oxidation is expected to be highly variable
depending on environmental conditions. Furthermore, anaerobic oxidation of methane (AOM)
has been reported to consume 10-20% of the CH4 produced in the process where alternative
electron acceptors such as NOj3", Fe**, SO4? are utilized (Qian et al., 2023, Figure. 2.6). In recent
years, this AOM has attracted attention as a mitigation strategy for greenhouse gas emissions,
especially the possible important role of electron acceptors including NO3", Fe**, SO4*, and
humic acid in AOM (Fan et al., 2020; 2021).

CH4 accumulated in rice paddy field soils is transported to the atmosphere by three main

pathways: through the rice-mediated (about 90%), by ebullition (about 10%), and by liquid-

20



phase diffusion (<1%) (Schiitz et al., 1989). Kajiura et al. (2024) reported that CH4 emission by
the ebullition pathway was particularly pronounced in rice paddy fields planted with
“Koshihikari,” indicating that the rice variety may affect the CH4 emission pathway.
Furthermore, because of its low solubility, CH4 is often trapped as bubbles in rice paddy field
soils saturated with water and may account for more than 60% of the CH4 inventory in the soil
(Tokida et al., 2013). Traditionally, CH4 emissions through the ebullition pathway have been
estimated by placing an upside-down funnel on the soil surface to supplement the bubbles
generated (Holzapfel-Pschorn et al., 1986) or by chamber measurements in the absence of rice
(Komiya et al., 2015). However, with the former method, the shape of the inverted funnel may
be affected by environmental variations in rice paddy fields, especially changes in water depth.
For example, at shallow water depths, the funnel may not capture enough bubbles, and some
emissions may be underestimated. Furthermore, if the surface area of the bubble trap is small,
there is a high risk that bubbles will spill out of the funnel and the emissions will not be
accurately measured. Therefore, it is important to increase the surface area of the bubble trap
to improve the capture efficiency. On the other hand, the latter method is problematic because
it assumes that CH4 emissions from the diffusion pathway are a very small fraction of total
emissions. Based on this assumption, there is a risk that the contribution of diffusion pathways
will be estimated lower than it actually is, which may hinder an accurate understanding of the
overall CH4 emission dynamics in rice paddy fields. These challenges are major limitations in
accurately quantifying CH4 emission pathways in rice paddy field soils, indicating that it is
difficult to adequately capture the dynamics of CH4 emission pathways using conventional
methods alone. In particular, it is important to measure CH4 emissions in each pathway
simultaneously using separate methods to assess the interactions between pathways. This allows
for a comprehensive understanding of the impact of each pathway on the others. Recently,
Tokida, (2021) demonstrated that by attaching a GasScouter™ G4301 (Picarro Inc., CA, USA)

to a chamber, it is possible to continuously and automatically measure gas fluxes from the
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ebullition pathway, which are released randomly. However, this method is costly and lacks
versatility, indicating the need for the development of inexpensive, accurate, and simple
measurement techniques. Therefore, overcoming these challenges requires not only
improvements to existing methods, but also the development of new measurement techniques
and models capable of simultaneously measuring multiple pathways.

N0 is produced in two processes: nitrification (under aerobic conditions) and denitrification
(under anaerobic conditions). Specifically, N>O is generated during NH3; oxidation in
nitrification, when NH4" and NO, or NH,OH are formed as intermediate products (Figure 2.6).
On the other hand, denitrification is the reduction process of NO3;™ to N> under anaerobic
conditions, and N>O is also generated in this intermediate step. These processes are accelerated
by soil management influences, such as the application of synthetic and organic nitrogen
fertilizers, crop residue inputs, and the promotion of mineralization of nitrogen of soil organic
matter through continuous land cultivation and land use, resulting in N2O emissions (Akiyama,
2024).

In rice paddy field soils, N2O is reduced to N2 by N>O reductase (complete denitrification),
and the activity of this enzyme is very sensitive to soil pH and O; concentration. Low soil pH
decreases the activity of N>O reductase and increases the N>O and (N2O+N2) ratio
(N20/(N2O+Ny)). Also, when the pore space filled with water exceeds 80%, N>, rather than
N20, becomes the main product of denitrification (Qian et al., 2023, Figure 2.6).Therefore, N2O
emissions are generally lower in rice paddy fields under waterlogged conditions due to limited
oxygen supply and nitrification rate limitation. However, if soil pH is too low, N2O reductase
activity is inhibited, which can lead to increased N>O accumulation even under flooded
conditions.

In flooded rice paddy soils, N>O release is reported to be mainly via rice, accounting for
87.3% of the total, whereas in the absence of flooding, N>O is mainly released via diffusion to

the soil surface (Yan et al., 2000). Studies in wetlands have confirmed that aquatic plants absorb
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N20 from the atmosphere to the soil and vice versa based on the N2O concentration gradient
between the atmosphere and the rhizosphere (Li et al., 2018). Therefore, it is possible that a
rice-mediated uptake or emission trend could be observed in rice paddy fields, depending on
the N>O concentration in the soil. However, because N>O emissions in rice paddy fields are
lower compared to CH4 emissions, studies detailing N,O emission pathways are still limited;
for accurate quantification of NoO emissions, it is important to quantify N>O emissions in each
pathway and to determine the interrelationships among pathways, as was done for CH4. Such
an approach will enable a more comprehensive understanding of the mechanisms of N>O

emissions and the development of effective strategies for emission reductions.

Methane-related processes Nitrous oxide-related processes
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Figure 2.6. Carbon and nitrogen dynamics in a rice paddy field : Pathways of CH4 and N>O emissions
(Qian et al., 2023). AMO, ammonia monooxygenase; HAQO, hydroxylamine oxidoreductase;
mcrA, methyl coenzyme M reductase; narG, nitrate reductase; nirK, copper-containing nitrite
reductase; nirS, haem-containing nitrite reductase; norB, nitric oxide reductase; nosZ, nitrous
oxide reductase.

CO: exchange in rice paddy fields results from photosynthesis by plants and respiration

activities by autotrophs (plants) and heterotrophs (mainly microorganisms) (Minamikawa et al.,
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2005). Plant photosynthesis contributes to CO, removal by absorbing not only atmospheric CO»,
but also respiration-derived CO»> released from the soil.

Previous studies have indicated that both respiration and photosynthesis can offset the CO»
concentration in the chamber, and it has been common practice to calculate the Global Warming
Potential (GWP) mainly considering CH4 and N>O and excluding CO» (Yu et al., 2004). GWP
is defined as the cumulative radiative forcing due to the emission of a unit mass of a GHG
relative to a reference gas (CO») integrated over a period of time (Miller, 2005).

In recent years, the importance of soil carbon stock has gained attention from the “4/1000
Initiative” and carbon credit initiatives. In particular, it has been reported that under
waterlogged conditions in rice paddy fields, the rate of carbon decomposition is reduced and
the turnover time of soil carbon is longer as a result of the reduction environment in the soil
(Song et al., 2024). This has drawn attention to the effects on carbon cycling and carbon storage
in rice paddy fields. Since CH4 and RH share the same substrate, soil carbon, a quantitative
relationship may exist between CHs emissions, RH emissions, and soil carbon storage
(Minamikawa et al., 2005, Figure 2.6). Naser et al. (2019) evaluated RH, CH4, and N>,O
emissions simultaneously and reported GWPru, GWPcn4, and GWPn20 contributions to total
GWP of 13.8-26.5%, 71.9-86.1%, and 0.13-1.61%, respectively. The results indicate that CH4
emissions during the rice-growing season contribute significantly to the GWP of rice paddy
fields. On the other hand, Wang et al. (2019) reported that RH is the largest contributor to total
GWP in early and late rice paddy fields in China. These studies suggest the need to evaluate the
three GHG emission fluxes of RH, CH4, and N>O not only during the rice-growing season, but
also during the fallow season, in order to gain a comprehensive understanding of the carbon
cycle in the paddy field.

In particular, carbon stock and GHG emission processes are closely linked, and
understanding the impact of one process on the other is essential for developing rice paddy field

management strategies. For example, waterlogging management that promotes carbon stock
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may increase CHs emissions, so assessing carbon stock and GHG emissions simultaneously can
provide a more accurate determination of the carbon budget of rice paddy fields. It is also
difficult to develop appropriate soil management strategies to control GHG emissions without
a comprehensive assessment of the major GHG (especially RH, CH4, and N2O) that make up
the total GWP. Comprehensive and simultaneous measurement of GHG emissions is important
to minimize GHG emissions while maximizing carbon stock potential. In recent years, such
comprehensive assessment methods have been revisited, and it is hoped that combining the
assessment of GHG emissions by GWP with the assessment of carbon stock will lead to

sustainable rice paddy field management.

2.1.2. Existing Greenhouse Gas Mitigation Measures

Field management and agricultural practices play an important role in reducing greenhouse gas
emissions from rice paddy fields, including rice variety selection, water management, organic
and inorganic fertilizer application, and tillage (Qian et al., 2023).

The effect of non-continuous flooding (NCF) is correlated with the total number of non-
flooded days, with one and multiple dry periods expected to reduce CH4 emissions by 33% and
64% on average, respectively, and other estimates by 29% and 45%, respectively (Qian et al.,
2023). On the other hand, compared to continuous flooding, NCF practices effectively increase
the activity of most nitrogen-converting microorganisms because they increase the supply of
0., thus increasing the potential for increased N2O emissions and the risk of increased RH
emissions and carbon loss due to increased decomposition of organic matter in the soil. The
practice of NCF increases soil carbon loss and N>O emissions. However, it is generally reported
that the reduction in CHs emissions outweighs these effects in terms of GWP. Nonetheless,
exceptionally high N,O emissions (33 kg ha! season) have been observed, leading to an
overall increase in GWP compared to continuous flooding (Qian et al., 2023). Therefore, further

research tailored to different soil types and climatic conditions is necessary.
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Long-term organic matter management practices, such as the application or removal of straw,
green manure, cover crops, and crop residues, similarly have potential implications for net GHG
emissions. In straw management, adding straw generally increases CH4 emissions compared to
its removal. However, promoting decomposition during fallow season (non-flooded) is
expected to reduce CH4 emissions. For instance, returning straw during fallow season could
potentially reduce global CH4 emissions by 5.4 Tg annually (Qian et al., 2023). Therefore,
utilizing biochar has shown an average reduction of 13% in CHa4 emissions and 22% in N.O
emissions from rice paddies. Converting rice straw into biochar and applying it back to fields
during fallow season could further reduce CH4 emissions by 4.6 Tg annually (Qian et al., 2023).
Nevertheless, these strategies come with challenges. While organic matter application enhances
SOC storage and is expected to improve crop yields, the yield-increasing effects may saturate
as SOC content increases. Balancing CH4 mitigation with SOC storage requires optimizing the
timing and method of application. Additionally, the high costs of biochar and the lack of
production facilities hinder its widespread adoption (Qian et al., 2023). Against this background,
it is crucial to comprehensively evaluate GHG mitigation measures and carbon stock effects
through the application of organic fertilizers to promote sustainable agriculture while

maintaining soil health.

2.2. Decline and Revival of Organic Rice Farming

The development of chemical nitrogen fertilizers using the Haber-Bosch process and
phosphorus fertilizers using superphosphate lime marked the beginning of chemical fertilizer
use, especially in Europe and the Americas. Stewart et al. (2005) estimated that the number of
dependable people per hectare of cultivated land increased from 1.9 in 1908 to 4.3 in 2008,
mainly due to the widespread use of chemical nitrogen fertilizers by the Haber-Bosch process.
The birth of these chemical fertilizers can be considered a precursor to the “Green Revolution”

that followed the agricultural revolution of the 18th century and occurred in the 1940 and 1960.
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The Green Revolution encouraged increased production of certain staple foods (rice, wheat,
corn, etc.) in developing countries, leading to significant economic growth (Ray, 2022). Against
this background, intensive agriculture that relied on chemical fertilizers and synthetic pesticides
developed, and there was a shift from conventional organic farming, which utilized the soil's
natural resources, to conventional farming, which relied on chemical fertilizers and pesticides.

However, while the spread of conventional farming practices has led to a rapid increase in
food production, it has also caused the emission of extra nitrogen into the atmosphere, soil, and
hydrosphere. This has then led to various environmental problems such as soil acidification,
eutrophication, adverse effects on microorganisms, soil pollution, loss of biodiversity, and
reduction of soil organic matter (Wang et al., 2024). The impact of increased N>O emissions
from agricultural lands on global warming is also serious. Recent estimates indicate that about
24 billion tons of fertile soil are lost each year through the practice of conventional farming,
with warnings that more than 90% of the Earth's arable land area could be degraded by 2050
(Gomiero, 2016). To deal with these challenges, there is a need to maintain and improve soil
health and achieve sustainable and environmentally conscious agriculture, even while ensuring
sufficient food production.

In terms of environmental conservation, low-input organic farming is once again attracting
attention, with an emphasis on the reuse of unused food residues and the composting of
livestock manure. In Japan, based on the “MIDORI Strategy,” the government has set a goal of
increasing in organic farming to 1 million hectares (equivalent to 25% of farmland) by 2050
(MAFF, 2024). In fact, the land area for organic agriculture has increased by 37% in 10 years
from 2011 to 2021. However, the current situation is far from the goal of 30%, with the organic
agriculture land area accounting for only 0.6% of the total arable land in Japan in 2021. In
contrast, in European countries such as Italy, Spain, Germany, and France, organic agriculture
land area accounts for 9.6 to 16.7% of the total arable land. indicating that organic farming is

making progress (MAFF, 2024).
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The development of technology to stabilize yields and the clarification of economic benefits
through subsidy programs and improved market value are essential to the spread of organic
farming. In addition, organic farming is expected to maintain soil health, conserve biodiversity,
and reduce environmental impact by controlling the use of chemical fertilizers and pesticides.
Furthermore, the potential for GHG reduction and carbon stock is attracting attention, but the
risk of increased GHG emissions from compost use must also be assessed. It is important to
support the transition to sustainable agriculture through the verification of these short- and long-

term effects.

2.3. History and Potential of Multiple Inter-tillage Weeding Practice

Weeding, the process of removing weeds that hinder the growth of rice, is an essential task in
rice paddy fields management. The weeding process conducted during the growth period of rice
is generally referred to as "inter-tillage weeding". Inter-tillage weeding involves tilling the
flooded soil of the rice paddy field during the rice-growing season, burying the weeds in the
soil to eliminate them.

According to study by Kasubuchi et al. (2016), in Japan, inter-tillage weeding was carried
out using hand weeding or manual weeding machines called "taguruma" until the 1960s (Figure
2.7). Historical records have shown that performing inter-tillage weeding five or more times
resulted in high-quality and high-yield rice even in rice paddy fields without the use of
fertilizers or pesticides. This method, known as "multiple inter-tillage weeding (MIW)," had
the advantage of producing high-quality rice at high yields. As a result, it spread throughout
Japan and continued for about 150 years, from the Edo period until its decline at the end of the
Edo era. However, with the introduction of Western agricultural practices focused on increasing
productivity through the use of fertilizers and pesticides during the Meiji period, the practice of

MIW gradually faded (Kasubuchi et al., 2016).
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Figure 2.7. Manual weeding machines called "taguruma"

In modern conventional agriculture, the use of fertilizers, pesticides, and herbicides is
common. However, due to growing concerns about global environmental issues, there is
increasing pressure to reconsider these practices. Sustainable farming that minimizes input
while ensuring nutrient self-sufficiency, provides safe and reliable food, and is in harmony with
the environment, is becoming more urgent. In light of this, there is a renewed interest in
reintegrating MIW into rice farming. (Kasubuchi et al., 2019) demonstrated that combining four
or more inter-tillage weeding practices (at intervals of 4, 8, 12, and 16 times) with paddy fields
that do not use fertilizers or pesticides resulted in approximately 5000 kg ha! of high-quality
rice over multiple years (five years). This result confirmed the effectiveness of the traditional
MIW practice, suggesting not only its weed control benefits but also the potential
multifunctionality associated with soil disturbance.

However, few studies have evaluated the multifunctionality of soil disturbance caused by
MIW. Among these, the "mineralization of nitrogen due to soil disturbance" is critical for
assessing nutrient sustainability. Additionally, "oxygen supply from soil disturbance" could
influence greenhouse gas emissions from rice paddy fields. Moreover, "the supply of residues
and weeds due to disturbance" is an important factor affecting GHG emissions and could also
contribute to improved carbon stock. Therefore, scientifically evaluating the effects of
disturbance caused by MIW is crucial for addressing contemporary global environmental

challenges and finding effective solutions.
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3. Common Material and Methods
3.1. Study Site

This study was conducted on research rice paddy fields of the Field Science Center (FSC) for
Northern Biosphere, Hokkaido University (43°04'29" N, 141°20'16" E) (Figure 3.1). The mean
annual air temperature and precipitation in Sapporo over the past 30 years (1991-2020) were
9.2°C and 1146 mm, respectively. The site is in the Koppen climate classification subtype
subarctic humid climate (Dfa). The soil type was grey, lowland soil. Organic rice farming fields
have not used chemical fertilizers and agricultural chemicals since 2018. Conventional rice
farming (CF) has been managed with chemical fertilizers, pesticides, and herbicides since 2019.
Organic rice farming was managed without fertilizer or agricultural chemicals starting in 2019.
Initial soil characteristics of the soil pH, Electrical Conductivity (EC), nitrate acid ion (NO3"),
sulfate acid ion (SO4%), ammonium ion (NH4") contents, total C (TC) and total N (TN) at 0-10
cm depth in 2019 for CF and for organic rice farming (OF) are shown in Table 3.1.The method
used to determine soil pH, EC, NOs~, SO4*, and NH4" are described later in the Section 3.6.3.
TC and TN were determined by elemental analyzer (vario MAX CN Macro, Elementar,

Frankfurt, Germany).

Table 3.1. Initial soil characteristics in conventional rice farming (CF) and organic rice farming
(OF) site.

Soil pH EC NOs SO NH4" TC TN
mS m’! mgNkg!' mgSkg! mgNkg' % %
CF 6.00 10.6 1.79 42.3 0.54 2.88 0.23
OF 6.11 6.51 0.32 22.3 0.21 2.84 0.21
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Figure 3.1. Location of the study site in Sapporo, Hokkaido, Japan.

3.2. Experimental Design and Field Management

The organic rice farming field (1000 m?) was randomly divided into three treatments with no
inter-tillage weeding (TO0), two times of inter-tillage weeding (T2), and five times of inter-tillage
weeding (T5) in three replications (8.33 x 13.3 m plot™!) (Figure 3.2a). CF field (500 m?) was
established in three replications (8.33 m x 20 m plot ™' in 2019 to 2022; 8.33 m x 10 m plot™! in
2023) (Figure 3.2b). However, since CF was in different locations, it was used for reference

and not for analysis of the between treatments.
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Figure 3.2. Layout of the paddy field with organic rice farming without fertilizer and
agricultural chemicals which divided 3 plots by inter-tillage weeding times (a) and conventional

rice farming (CF) plots (b). The lowercase alphabet means repetition.
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The details of field management for 2019 to 2023 are shown in Table 3.2 to Table 3.6. At CF,
the chemical fertilizer N, P, and K were applied as basal fertilizer. The amount of its applications
in each year are shown in Table 3.7. Calcium silicates were applied as supplementary fertilizer
at 27 kg SiO2 ha! in 2020 and 2021. However, in 2022 and 2023, they were applied as 360 kg
SiO, ha'! basal fertilizer, respectively. In addition, herbicides and pesticides were applied
several times between June and August of each year. Over five years periods, rice
transplantation was conducted in late May in all treatments after soil plowing. Thirty-four-day-
old greenhouse-grown Oryza sativa ‘Nanatsuboshi’ seedlings (three seeds per cell) were
transplanted in late May after plowing at a density of 24 hills m?. The seeds used in the CF
were disinfested with chemical agents, while those used in organic rice farming were
disinfected with vinegar. Harvesting was conducted in late September or early October.

From 2019 to 2023, shredded rice straw was returned to the soil surface in all treatments after
harvest. However, in 2021 and 2022, residues (rice straw, stubble, and roots) were incorporated
into the soil through tillage after its application, and an additional tillage was conducted in May
before the next year’s transplanting. In contrast, in 2019, 2020, and 2023, the residues were left
in the rice paddy fields during the winter fallow season (from October to May) after harvest.
From November to April, the residues were covered with deep snow in below freezing
temperatures. Tillage was then conducted in May before transplanting to incorporate the
residues into the soil.

Waterlogging was maintained from mid-May to late July, followed by mid-season drainage
from mid-July to early August over five years periods. After that, intermittent drainage was
conducted until the complete drainage. In 2019 only, mid-season drainage and intermittent

drainage were not conducted (Table 3.8).

Table 3.2 Schedule of field management in 2019.
Month/Day CF TO T2 T5
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4/10~18
4/18
5/13
5/17
5/20

5/23

5127

6/5

6/14

6/25

7/3

724
8/9
8/20

10/2

Fertilization

Soil plowing

Pesticide

Pesticide

Pesticide

Preparation for seeding

Seeding

Tillage & Irrigation
Soil plowing Soil plowing
(surface) (surface)
Transplantation

Inter-tillage
weeding 1

Inter-tillage
weeding 2

Complete Drainage

Harvest & Spraying rice straw

Soil plowing
(surface)

Inter-tillage
weeding 1
Inter-tillage
weeding 2
Inter-tillage
weeding 3
Inter-tillage
weeding 4
Inter-tillage
weeding 5

Note: Treatments CF, TO, T2 and TS5 are conventional rice farming, and organic rice

farming with no inter-tillage weeding, two time of inter-tillage weeding, and five time of

inter-tillage weeding without fertilizer and agricultural chemical.

Table 3.3. Schedule of field management in 2020.

Month/Day CF TO T2 T5
4/13-22 Preparation for seeding
4/23 Seeding
5/14 Leveling Leveling Leveling
Fertilization
>/18 afld Tillage
5/20 Tillage Tillage Tillage
Irrigation
5/22 Soil plowing
5/29 Transplantation
6/2 Inter—t‘illage Inter-t'illage
weeding 1 weeding 1
6/11 Herbicide
6/12 Inter-tillage
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6/24
6/25-30
7/1
7/6
7/10

7117
8/4
8/26
10/8
10/21

Pesticide
Fertilization
Inter-tillage
weeding 2
Pesticide
Pesticide

Complete drainage
Harvest

Spraying rice straw

Inter-tillage
weeding 3

Inter-tillage
weeding 4

Inter-tillage
weeding 5

Note: Treatments CF, TO, T2 and TS5 are conventional rice farming, and organic rice

farming with no inter-tillage weeding, two time of inter-tillage weeding, and five time of

inter-tillage weeding without fertilizer and agricultural chemical.

Table 3.4. Schedule of field management in 2021.

Month/Day CF TO T2 T5
4/13-22 Preparation for seeding

4/23 Seeding

4/28 Tillage Tillage Tillage

4/29 Leveling Leveling Leveling

5/12 Soil compaction  Soil compaction  Soil compaction

5/13 Fertilization

5/14 Tillage

5/16 Tillage (surface)  Tillage (surface)  Tillage (surface)

5/18 Irrigation

5/21 Soil plowing

527 Transplantation

6/5 Inter-tillage Inter-tillage

weeding 1 weeding 1

Inter-tillage

6/16 .
weeding 2
Inter-tillage

6/23 .
weeding 3

6/28 Herbicide

6/30 Fertilization
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7/1

7/8

7/9

7/19
7/29
8/27
9/27
9/28
11/6

Pesticide
Inter-tillage
weeding 2
Herbicide
Pesticide

Complete drainage
Harvest
Spraying rice straw

Tillage

Inter-tillage

weeding 4

Inter-tillage

weeding 5

Note: Treatments CF, TO, T2 and TS5 are conventional rice farming, and organic rice

farming with no inter-tillage weeding, two time of inter-tillage weeding, and five time of

inter-tillage weeding without fertilizer and agricultural chemical.

Table 3.5. Schedule of field management in 2022.

Month/Day CF TO T2 TS5
4/12-21 Preparation for seeding
4/22 Seeding
5/10 Fertilization
5/11 Tillage Tillage Tillage
5/13 Tillage
5/19 Irrigation
Soil plowin Soil plowin Soil plowin
5/22 Soil plowing P 8 P 8 P 8
(surface) (surface) (surface)
5/26 Transplantation
6/6 Inter-tillage Inter-tillage
weeding 1 weeding 1
Inter-tillage
6/16 .
weeding 2
Inter-tillage
6/23 .
weeding 3
Inter-tillage
6/30 )
weeding 4
7/4 Herbicide
/8 Inter-tillage Inter-tillage
weeding 2 weeding 5
7/19 Herbicide
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8/10 Herbicide

8/26 Complete drainage
9/29 Harvest
9/30 Spraying rice straw
10/28 Tillage

Note: Treatments CF, TO, T2 and TS5 are conventional rice farming, and organic rice
farming with no inter-tillage weeding, two time of inter-tillage weeding, and five time of

inter-tillage weeding without fertilizer and agricultural chemical.

Table 3.6. Schedule of field management in 2023.

Month/Day CF TO T2 T5
4/11~18 Preparation for seeding
4/19 Seeding
Fertilization & ) . .
5/10 . Tillage Tillage Tillage
Tillage
5/16 Irrigation
5/19 Soil plowing Soil plowing Soil plowing Soil plowing
5/23 Transplantation
. Inter-tillage Inter-tillage
6/6 Herbicide ] ]
weeding 1 weeding 1
Inter-tillage
6/13 .
weeding 2
Inter-tillage
6/20 .
weeding 3
6/22 Herbicide
Inter-tillage
6/27 .
weeding 4
6/28 Pesticide
/4 Inter-tillage Inter-tillage
weeding 2 weeding 5
77 Herbicide
7/12 Herbicide
8/16 Complete drainage
Harvest &
9/21 Spraying rice
straw
9/30 Harvest & Spraying rice straw
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10/18

Calcium

cyanamide

Note: Treatments CF, TO, T2 and T5 are conventional rice farming, and organic rice

farming with no inter-tillage weeding, two time of inter-tillage weeding, and five time of

inter-tillage weeding without fertilizer and agricultural chemical.

Table 3.7. The amount of chemical fertilizer applied in CF in each year.

2019 2020 2021 2022 2023
N(kgNha') 98 90 80 85 85
P (kg P,Os ha') 98 119 39 80 80
K (kg K2O ha') 72 39.6 40 40 40
Table 3.8. Water management for each year.
2019 2020 2021 2022 2023
CF CF TO/T2/T5 CF CF CF
TO/T2/T5 TO/T2/T5 TO/T2/T5 TO/T2/T5
Irrigation 517 5/20 5/20 5/18 5/19 5/16
Mid-season 7/12-
] NA 7/28-8/1 7/29-8/2 7/23-27 7/21-28
drainage
Intermittent 7/20-
o NA 8/2-25 8/3-26 7/28-8/25 7/29-8/15
irrigation 8/25
Complete
) 8/20 8/26 8/26 8/27 8/26 8/16
drainage

Note: Treatments CF, TO, T2 and TS5 are conventional rice farming, and organic rice

farming with zero tillage, two tillage, and five tillage without fertilizer and agricultural

chemical. NA means no implementation.

3.3. Multiple Inter-tillage Weeding (MIW) Practice

The number of MIW was determined to be 0, 2, and 5 times based on the statement that 4 to 8

times or more did not make a significant difference in rice yield (Kasubuchi et al., 2019). MIW

was practiced five times at TS5, about once every 7-10 days, twice at T2, on the first and final

day of the period. The tools used for MIW are shown in Figure 3.3. The MIW periods were

from May 27 to July 3 in 2019, June 2 to July 10 in 2020, June 5 to July 9 in 2021, June 6 to

July 8 in 2022, and June 6 to July 4 in 2023, respectively.
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Figure 3.3. The devices of multiple inter-tillage weeding (MIW) for weeding between the
rows in 2019-2021 (a), 2022-2023 (b) and for weeding between rice plants (c).

3.4. Measuring Greenhouse Gas Fluxes by Static Closed Chamber Method

Because the static closed chamber method is logistically feasible, the experimental system is
low cost, and it is easy to implement in the field scale (Minamikawa et al. 2015), we employed
this method to estimate GHG emissions.

3.4.1. Gas sampling

RH, CO; (sum of gross primary production (GPP) and ecosystem respiration (RE)), CH4, and
N2O fluxes from the rice paddy fields were measured using a static closed chamber method
(Toma et al., 2016). During the rice-growing season, we used a combination of transparent
acrylic chambers (30 cm x 60 cm x 80 cm maximum) for CO2 (GPP+RE), CH4, and N2O fluxes
measurements (Figure 3.4a). In 2019, 2020, 2021, transparent acrylic chamber A (30 cm x 60
cm x 80 cm) was placed on a metal chamber base. After that, A was processed to make acrylic
chamber B with L-shaped angle (30 cm % 60 cm x 40 cm) and acrylic chamber base C (30 cm
x 60 cm x 40 cm). In 2022 and 2023, only chamber B was used when the rice plants were small
in height, and chamber B was placed on chamber C after the rice plants had grown to a certain
extent. The acrylic chamber contained four rice plants at the time of measurement. Then, fan
for mixing air (San Ace 80 9S0812F4011, SANYO DENKI, Osaka, Japan), pressure control
bag, gas sampling port, and thermometer (PC-9215II, SATO, Tokyo, Japan) were installed to

the acrylic chamber.
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We used stainless-steel chambers (20 x 25 cm) for RH measurements during the rice-growing
season. The stainless-steel chamber was placed on the area (0.125 m?) where the boards were
inserted to a depth of 20 cm in the inter-row space to prevent rice plant and weed’s root
invasions (Figure 3.4b). The lid of the stainless-steel chamber was installed with a pressure
control bag, gas sampling port, and thermometer. In the fallow season, stainless-steel chambers
were used for RH, CHa, and N>O fluxes measurements (Figure 3.4c¢).

Gas samples in the chamber headspace were taken at 0, 6 minutes after closing chambers and
injected into a 500 mL tedlar bag by a 25 mL gas tight syringe for CO, (GPP+RE) and RH
measurements. The CO, flux was calculated at two points of 0 and 6 minutes based on the
theoretical consideration that the increase in the CO2 concentration in the chamber loses
linearity after about 8 minutes (Nakano et al., 2004). Gas samples in the chamber headspace
were taken at 0, 15 and 30 minutes after closing chambers and 20 mL were injected into an
evacuated glass vial of 10 mL by a 25 mL gas tight syringe for CH4 and N2O analysis.

Gas sampling was conducted between 9:00 and 14:00. It was taken at 7 to 10 day intervals
during the MIW period, 14 day intervals between after MIW and harvest, and 30 days intervals

during fallow season.
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Figure 3.4. The devices of CO2 (GPP (sum of gross primary production) + RE (ecosystem

respiration)), CHs, and N2O fluxes sampling during the rice-growing season (a), RH
(heterotrophic respiration) flux sampling during flooding period (b) and CH4, N2O and RH

fluxes sampling during the fallow season (c).
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3.4.2. Analysis of Gas concentrations

CO: (GPP+RE) and RH concentration were determined using an infrared CO> analyzer (Model
ZEP9GCI11; FUJI ELECTRIC, Tokyo, Japan). Before analysis, zero-point calibration was
performed using nitrogen (N2) and span calibration using 1860 ppmv CO>. CO; concentration
was calculated by multiplying the output value of the infrared CO; analyzer by 20.

In 2019 and 2020, CH4 concentrations were determined using gas chromatography with a
flame ionization detector (FID) (GC-8A and GC-14B, SHIMADZU, Kyoto, Japan). High purity
N2 was used as the carrier gas. N2O concentrations were determined using gas chromatography
with an electron capture detector (GC-2014, SHIMADZU, Kyoto, Japan). PR gas (Ar+5%CHa4)
was used as the carrier gas.

In 2021, 2022, and 2023, a gas chromatography (GC-14B and GC-2014) with two detectors
was used to simultaneously measure CH4 and N>O concentrations, and flow path was changed
by a valve to allow each detector to measure the components separated by the column. Filtered
N> to remove carbides, O2, and moisture was used as the carrier gas, and high-concentration
CH4 was used as the make-up gas for ECD detection.

Calibration curves were prepared for CHy at four standard gas points (1.98, 4.79, 9.94 and
994 ppmv) and for N2O at four standard gas points (0.3, 0.6, 1.5, 6, and 30 ppmv). The detection

limits for FID and ECD were approximately 0.75 and 0.019 ppmv, respectively.

3.4.3. Calculation for Gas Fluxes

GHG fluxes from the rice paddy fields were calculated using the following liner regression

equation (Toma et al., 2011):

F=p x (V/A) x (dC/dt) x 273/(273+T) X a (1)
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where, F is the total gas flux (mg C or N m2h'!), p is the density of each gas under standard
conditions (CO2 = 1.997 X 10° mgm™3, CHs = 0.717 x 10 mgm~3, N,O = 1.978 X
10° mg m~3), V is the volume of the chamber (m?), 4 is the surface area of the chamber (m?),
dC/dt is the rate of change in gas concentration in the head space of the chamber during the
sampling time (10 m* m™ h'), T is the air temperature inside the chamber (°C), and «a is the
ratio of molar mass of carbon to the molecular weight of CO> (12/44) and CH4 (12/16), or of

nitrogen to N>O (28/44).

3.4.4. Calculation for Cumulative Gas Emissions
The cumulative GHG emissions were calculated from equation (2) using liner interpolation and
trapezoidal method, using the fluxes obtained for each sampling date in each plot. The
cumulative RH, CO, (GPP+RE), CH4, and N2O emissions were converted to kg C or kg N ha”
1

In general, RH and CO; (GPP+RE) fluxes are highly dependent on temperature (Shimizu et
al., 2009), which may lead to underestimation of nighttime RH and CO, (GPP+RE) emissions
at the calculation of cumulative emission by trapezoidal method. Therefore, a method is often
employed in which soil temperature is continuously measured, and a relationship between soil
temperature and RH and CO; (GPP+RE) fluxes is used to more accurately estimate nighttime
values (Shimizu et al., 2015). However, in this study, the method was not applied. Therefore, in

this study, measured RH and CO» (GPP+RE) fluxes data was directly used for analysis.

Q =1/2%[(di41 — dp) X (Fiyq + F) X 24 x 107°] (2)

where Q is the cumulative gas emission (kg C or N ha!), d; is the measurement date, F; is

the gas flux on any measurement date.
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3.5. Measuring Gas Concentrations in Paddy Field Water and Soil Air

To understand GHG dynamics in soil and paddy field water, GHG concentrations were
determined using various methods described below.

3.5.1. Sampling for Soil Air and Dissolved Gas in Paddy Field Water

In 2020 to 2023, CH4 and N>O concentrations in the soil air were measured using a compact
buried tubing soil-gas monitoring system (Kato et al., 2013) (Figure 3.5a). The centers of the
gas-exchange parts were buried at 5 and 10 cm depth between rows. Soil air sampling tubes
were installed one week prior to the sampling date to allow time for gas exchange. Each soil air
sample (5 mL) was placed in an evacuated glass vial (10 mL) containing 10 mL of pure N». The
CH4 and N2O concentrations were determined using the gas chromatography.

In 2023, the equipment used for measuring gas concentrations in soil air gas was improved
to reduce variability among treatments. Specifically, a new dilution gas port was added to the
existing equipment, enabling N> based dilution and pressure adjustment directly in the field
(Figure 3.5b). In the improved equipment, 50 mL gas tight syringes were attached to both the
gas sampling port and the dilution gas port. First, N> equivalent to the volume of the gas
exchange tube (approximately 47 mL) was introduced through the dilution gas port, displacing
the gas into the syringe attached to the gas sampling port (Figure 3.5¢). This step was performed
to maintain atmospheric pressure within the gas exchange tube and to prevent negative pressure
during sampling, which could lead to inconsistent gas collection or contamination by ambient
air. The displaced gas was then pushed back into the system, and this back-and-forth process
was repeated twice to ensure gas homogenization. After homogenization, 20 mL of gas was
sampled using a 20 mL gas tight syringe and pressurized into a 10 mL vacuum vial.

Gas sampling was conducted at 7-10 days interval during the MIW period, 14 day interval

between after MIW and harvest, and 30 day intervals during fallow season.
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Figure 3.5. The equipment for measuring soil air gas. Scheme of existing equipment (a),

improved equipment (b), and state of sampling (c).

In 2022 to 2023, dissolved CH4 and N>O concentrations in the paddy field water were
investigated during the flooding period. This sampling was conducted at 7-10 days interval
during the MIW period, 14 day interval between after MIW and harvest. In each plot, 30 mL
paddy field water and 30 mL air were collected using a 60 mL gas tight syringe and shaken for
3 min. Each gas sample (20 mL) from the headspace of the syringe was placed in an evacuated
glass vial (10 mL) (Morishita & Hatano, 1999). The CH4 and N2O concentrations were

determined using the gas chromatography.

3.5.2. Calculation for Dissolved Gas Concentration in Paddy Field Water
Dissolved CH4 and N>O concentrations in the paddy field water were calculated using the

following equations (Hu et al., 2018; Yang et al., 2020):

Cwater = [(CH - CA) XVy+ X Cy X VW]/VW Xa (3)

where C,,qter 18 the dissolve CH4 and N>O concentrations in the paddy field water (mg C or
N L"), Cy is the CHs and N2O concentrations in the headspace of the syringe (mg C or N L),

C, is the CHs and N>O concentrations in air (mg C or N L"), V, is the volume of headspace
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in the syringe (= 0.03 L), S is the absorption coefficient of Bunsen (for CHs) or Oswalt (for

N20) (Kimochi et al., 2014), V,, is the volume of water in the syringe (0.03 L).

3.6. Environmental Factors

3.6.1. Ancillary measurements

Daily air temperature and precipitation were obtained from the close Automated Meteorological
Data Acquisition System (AMeDAS) station of the Japan Meteorological Agency which are
located about 2.5 km from the study site.

Soil temperature at depth of 3 cm and 10 cm and water temperature in paddy field water in
each treatments was measured using a thermometer (CT-414WR, CUSTOM, Tokyo, Japan). It
was taken at 7 to 10 day intervals during the MIW period, 14 day intervals between after MIW
and harvest, and 30 day intervals during fallow season.

Water temperature and water depth were automatically measured approximately every 15
minutes using a water temperature and water depth sensor (FARMO, Tochigi, Japan). One

sensor was installed in the center of the field in each of the CF and organic rice farming fields.

3.6.2. Soil Sampling and Soil Solution Extraction

Soil samples at 0-3 cm depth were collected from each treatment in two replicates using an
auger (DIK-102A; Daiki Rika Kogyo, Saitama, Japan) at 7-10 days interval during the MIW
period, 14 day interval between after MIW and harvest, and 30 day intervals during fallow
season. Water and KCl extracts were obtained using deionized water (50 mL) for the soil sample
10 g and 2 M KCI1 (50 mL) for the soil sample 5 g.

In 2021 to 2023, the ferrous iron (Fe?") concentration was measured at 5 cm depth. Soil
samples were collected in two replicates from each plot using a gas-tight syringe (20 mL) with
the tip cut off. After collecting 5 g of the soil sample from the center of the syringe

(approximately 5 cm depth), 50 mL of acetic acid buffer (pH 3.0) was quickly added, and the
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extracted samples were obtained by shaking for 5 min and filtering. Soil sampling for Fe**

measurements were conducted during the rice-growing season.

3.6.3. Analysis of Soil Physicochemical Properties
The NH4" content of the KCI extract was determined by indophenol blue method using a UV-
VIS Spectrophotometer (UV-1280, SHIMADZU, Kyoto, Japan) .

The soil pH of the water extract was measured using a pH meter (F-22, Horiba, Kyoto, Japan).
The EC was measured using an EC meter (CM-30V, DKK-TOA Co., Tokyo, Japan). The NO3"
and SO4> contents of the water extracts were measured by ion chromatography (DIONEX ICS-
1100, Thermo Fisher Scientific, MA, USA). And the organic carbon content of the water
extracts (WEOC) was measured by TOC analyzer (TOC-L CSN, SHIMADZU, Kyoto, Japan)
in 2022 and 2023. Air-dried soil was used for soil analysis from 2019 to 2020, and fresh soil
was used from 2021 to 2023. Since air-drying and longtime preservation of soil have little effect
on the profile of the soil microbial community (Wang et al., 2021), the soil physicochemical
properties in 2019, 2020, 2021, 2022, and 2023 were assumed to be identical and used for
comparison.

The Fe** concentration of the extracted samples was measured by o-phenanthroline method

using a UV-VIS Spectrophotometer.

3.6.4. Analysis of Soil Physical Properties

Two 100 cm?® core samplers (5.0 cm in inner diameter and 5.1 ¢cm in height) were connected
using vinyl tape to collect undisturbed soil samples from the 0—5 cm and 5-10 cm layers.
Samples were collected from the inter-row spaces that were free from disturbance due to foot
traffic or chamber installation during gas sampling. One sample per treatment plot was collected,
for a total of 12 samples. Soil core sampling was conducted on the same day as gas sampling

or within two days before or after. The samples were transported to the laboratory within two
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hours of collection. Upon arrival, the cores were separated at the connection using a knife, and
the core volume at 0—5 cm and 5-10 cm depths was measured using a core volumeter (DIK-
1150, Daiki, Saitama, Japan). The fresh weight of the soil was then measured, followed by
oven-drying at 105°C for more than 48 hours. After cooling to room temperature in a desiccator,
the dry weight was measured. Based on these measurements, solid-phase ratio, liquid-phase
ratio, air-phase ratio, porosity, and bulk density were calculated according to the method
described by the Hokkaido Research Organization (2012). If immediate volume measurement

was not possible, the samples were stored in a refrigerator (4°C).

3.6.5. Measurement of Soil Environmental Conditions

In 2022 to 2023, the redox potential (Eh) at 5 cm depth was measured from each treatment in
three replicates using Eh meters (Model No:PRN-41, Platinum electrode:EP-201, Comparison
electrode:4400, Electrode lead wire:ELW-45, FUJIIWARA SIENTIFIC, Tokyo, Japan). For the
Eh meter, measurements were taken after leaving them in the soil for at least 24 hours. Similarly,
the hold function of the device was used, and measurements were recorded after the data
stabilized. This measurements were conducted at 7 to 10 days interval during the MIW period,

14 day interval between after MIW and harvest period.

3.6.6. Plant Measurement

Four plants were randomly selected from each treatment, then plant height, tiller number, and
chlorophyll content were measured as growth indicators. Chlorophyll content was measured
using a chlorophyll meter (SPAD-502plus, KONICA MINOLTA, Tokyo, Japan). These
measurements were conducted at 7 to 10 days interval during the MIW period, 14 day interval

between after MIW and harvest period.

47



4. Multiple Inter-tillage Weeding Effect on Methane and Nitrous Oxide Emissions

Pathways from Rice Paddy Fields

4.1. Introduction

Rice is a staple food for almost half of the global population, with demand rising due to
population grows. However, nitrogen and phosphorus are critically oversaturated (Rockstrom
et al., 2009), necessitating a shift to sustainable organic rice farming that maximizes soil
nitrogen without the use of chemical fertilizers. Conventional rice farming achieves high yields
but risks soil fertility degradation and higher GHG emissions. Specifically, rice paddy fields are
important sources of CH4 and nitrous oxide N>O, which are potent GHGs that contribute to
global warming. Rice paddy fields contribute 22% of the agricultural CHs and 11% of the
agricultural N>O emissions (Mboyerwa et al., 2022).

MIW, an organic rice farming used since the Edo period in Japan, involves shallow tilling to
remove weeds and incorporate them into the soil. Kasubuchi et al (2019) reported that
conducting MIW four or more times can produce high-quality rice comparable to conventional
rice farming without chemical fertilizer inputs. MIW is also believed to reduce CH4 emission
by increasing soil oxygen, which enhances methanotroph activity and CH4 oxidation under
aerobic conditions (Ding et al., 2005). However, the MIW may also release CH4 gas bubbles,
which account for over 60% of CH4 in paddy soils (Tokida et al., 2013), potentially causing
rapid emission of high concentrations of CH4. Additionally, N2O is produced during
nitrification and denitrification. Previous studies indicated that changes in redox conditions,
associated with intermittent drainage, contribute to N>O emissions from rice paddy fields (Fang
etal.,2021; Liu et al., 2019). Thus, the oxygen supply from MIW may influence N>O emissions
as well.

CHj is released into the atmosphere through diffusion, ebullition, and rice-mediated

pathways (Hosono and Nouchi, 1997). CH4 emissions from diffusion are easily oxidized as they
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spend the longest time transiting the aerobic and anaerobic soil areas (Ma et al., 2022). Whereas
CHa4 emissions from ebullition are not easily oxidized due to the high CH4 concentrations in the
bubbles, which are rapidly emitted into the atmosphere (Zhu et al., 2016). Rice-mediated CH4
emissions avoid aerobic areas but 20-90% can be oxidized in the rhizosphere or rice’s aeration
tissues (Ma et al., 2022). These pathways are influenced by the soil’s redox environment, which
can significantly affect CHs4 emissions. MIW may alter this environment, impacting CH4
emissions. Changes in redox conditions also affect NoO emissions, and it is known that the
conversion of soil to anaerobic condition has a trade-off relationship where CH4 emissions
decrease while N2O emissions increase. Therefore, in addition to monitoring the effect of MIW
on CHyg, it is also important to monitor N2O. However, research on MIW’s effects on processes
such as nitrification and denitrification are still limited. Furthermore, understanding the
relationship between gas emissions from the MIW-mediated pathway and those from the rice-
mediated pathway, diffusion, and ebullition is also crucial for elucidating the mechanism of
GHG reduction. Thus, accurate field-scale quantification is crucial for understanding the
MIW’s impact on emission dynamics. Automated monitoring systems are currently being
developed by Kajiura and Tokida (2021) and Tokida (2021), but there is also a need for simple,
inexpensive, and accurate method for short term comparative investigation.

This study aimed to develop a simple, inexpensive, and accurate method for evaluating the
impact of MIW disturbances on CH4 and N>O transport processes. Specifically, we improved
the conventional bubble trap method (Holzapfel-Pschorn et al., 1986) by using a shallow tray
with a large surface area to measure emissions from ebullition pathways. We also used a closed
chamber method to measure diffusion pathways, setting a threshold for gas emissions in the
stainless-steel chamber. This allowed us to separately measure emissions from the ebullition
and diffusion pathways and indirectly calculate the emissions from the rice-mediated pathway.
Additionally, we quantified the MIW-mediated gas emissions by using a closed chamber with

the function of disturbance. By developing the method to individually quantify CH4 and N>,O
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emission pathways (rice-mediated, diffusion, ebullition, and MIW-mediated), we evaluated the
impact of MIW on CH4 and N>O emissions through the verification of the following hypothesis:
1) MIW promotes oxygen supply, but its effects exceed CH4 oxidation, inducing high-
concentration CH4 gas bubbles and ultimately increasing total CHs4 emissions. 2) MIW
fluctuates redox potential, promoting N>O production in paddy field water and soil, thereby

increasing total N>O emissions.

4.2. Materials and methods
4.2.1. Investigating periods

The study covered the cultivation period from May 30 to September 28 in 2022 and May 30 to
September 9 in 2023. CH4 and N2O emission from each pathway were monitored during the
MIW periods (June 10 to July 13 in 2022 ; June 9 to July 7 in 2023) to evaluate the measurement
method. MIW was conducted on June 6, 16, 23, 30, and July 8 in 2022 and on June 6, 13, 20,
27, and July 4 in 2023 at T5; and June 6 and July 8 in 2022, and June 6 and July 4 in 2023 at

T2.

4.2.2. Total and diffusive gas flux

Total CHs4 and N2O fluxes were measured during the cultivation period (May-September) using
transparent acrylic chambers (Figure 3.4a) by static closed-chamber method shown in Section
3.4.1. However, based on the planting density, the number of plants was underestimated by
7.4%. Gas sampling was conducted between 9:00 and 14:00 at 7-10 days interval during the
MIW period and at 14 day interval during the rest of the period. The number of gas sampling
for each treatment was 11 times year™ in 2022 and 13 times year™ in 2023.

For diffusive CH4 and N2O fluxes measurement, stainless-steel cylindrical chambers (20 x
25 cm) were deployed in bare plots (0.125 m?) created in each treatment by inserting two root
cuttings (50 x 40 cm, 20 cm depth) (Figure 3.4b). Weeds were manually removed a day before

gas sampling to minimize interference. The chamber lids remained open for at least 30 minutes
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before measurements to allow stabilization. Each chamber was equipped with a pressure control
bag, gas sampling port, and thermometer.

Gas samples from the chamber headspace were taken at 0, 15, and 30 min after closing the
chamber using a 25 mL gas tight syringe. Sample (20 mL) was injected into the evacuated glass
vial (10 mL). CH4 and N>O concentrations were analyzed using the gas chromatograph shown
in Section 3.4.2.

Total and diffusive CH4 and N>O fluxes were calculated using the liner regression equation
(1) shown in Section 3.4.3.

For diffusive gas fluxes measurement, ebullitive gas flux was excluded based on the CH4
concentration change rate dC/dt in the chamber headspace. A threshold of 0.29 ppmv min™!
was used to distinguish ebullition events (sudden increases) from diffusive emissions (gradual

increases) (Komiya et al., 2015). Data exceeding this threshold was excluded to isolate the net

diffusive flux.

4.2.3. Ebullitive gas flux

Ebullitive CH4 and N2O fluxes were measured using the bubble trap method, chosen for its low
cost and ease of implementation at the field scale. This method captures gas bubbles that form
within an inverted, water-filled funnel placed on the surface water (Holzapfel-Pschorn et al.,
1986). To improve efficiency, the funnel was replaced with a shallow, transparent
polypropylene tray (0.20 m x 0.31 m x 0.037 m) to increase the trapping surface area. During
the MIW period (early June to early July), the tray was placed in the paddy field water between
the central rows of each plot (Figure 4.1), displacing air in the trap with paddy field water to
ensure bubble collection.

Bubble samples were collected through the tray’s sampling port, and the trapped bubble

volume was measured using a gas-tight syringe (50 mL). Each bubble sample (5 mL) was
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placed in an evacuated glass vial (10 mL) containing 15 mL of pure nitrogen. Ebullition gas

sampling was conducted during the MIW period.

: T~ Three-way cock
Vinyl tube\

D

Tray (W:0.20m,L:0.31 m,H:0.037 m)

S

sampling port

i 3

Figure 4.1. Scheme of bubble traps.

CH4 and N2O concentrations in the bubbles were determined by gas chromatography, and

the ebullition gas fluxes were calculated using the following equation:

Fg = p X Viap/Atrap X AdCerap/Atirap X 273/ (273 +T) X a 4)

where Fj is ebullitive gas fluxes (mg C or N m™? h'), Viyq, is the trapped bubble volume
(m?), Atrap 18 the tray surface area (0.062 m?), Cirap 1s the gas concentration in the trapped
bubbles (10° m* m™), tirap 1s the trapping duration (h). T is the air temperature during the
ebullition gas sampling (°C).

In 2022, gaseous CH4 concentration was calculated from the CH4 concentration in the trapped
bubbles and the air-phase ratio. Dissolved CH4 in pore water was estimated based on Henry's
law, assuming equilibrium between the gas and liquid phases (Tokida et al., 2005). The air- and

liquid- phase ratio was calculated by the method which is described in Section 3.6.4.
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4.2.4. Rice-mediated gas flux

Rice-mediated gas fluxes (mg C or N m? h') were calculated from the difference between the
total CH4 and N>O flux and the diffusive and ebullitive CH4 and N>O fluxes. Because the total,
diffusive and ebullitive gas fluxes were measured on different dates, it was necessary to match
the time axes. Therefore, using the Forecast function (Microsoft Excel 2016), a regression
equation was developed based on the measured values of ebullition gas flux. This equation was
then used to estimate the ebullition flux on the dates when total and diffusive gas fluxes were

measured, and the estimated values were used to calculate the rice-mediated gas flux.

4.2.5. Calculation for cumulative gas emission

The cumulative CH4 and N2O emissions from each pathway were calculated using the equation

(2) shown in Section 3.4.4.

4.2.6. MIW-mediated gas flux
To quantify the impact of CH4 and N2O emissions during MIW, MIW-mediated CH4 and N2O

fluxes were also measured using a static closed-chamber method in 2023. During the MIW
period, we used transparent acrylic chambers (30 %< 60 x 40 cm) with MIW function of lids to
measure MIW-mediated CH4 and N>O fluxes (Figure 4.2). The chamber was placed stationary
between the rows during the MIW period, and gas sampling was conducted in three parts:
before-disturbance, immediately-after-disturbance, and after-disturbance. Between each parts,
the chamber lid was opened about 30 minutes to vent the atmosphere. Gas samples (15 mL) for
CH4 and N>O were collected at 0, 10, and 20 minutes from the chamber headspace before- and
after-disturbance. For immediately-after-disturbance sampling, a 0-minute sample was taken
near the chamber before closing the lid, followed by two back-and-forth disturbances, with
samples collected at 10 and 30 seconds. Each gas sample (20 mL) was transferred into a 10 mL
evacuated glass vial for analysis using gas chromatography. MIW gas flux measurements were

conducted weekly before MIW.
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Figure 4.2. The device of multiple inter-tillage weeding (MIW)-mediated CH4 and N>O flux

sampling.

Cumulative CH4 and N2O emissions from MIW-mediated were calculated using equation (5).
The CH4 or N2O flux at three parts before-, immediately-after-, and after-disturbance was
plotted on the y-axis and the end time of each gas sampling on the x-axis. Because the rapid
increase in gas flux during MIW tended to converge within 1 hour, we assumed the CH4 and

N20 emissions during MIW as converging in 1 hour, which was used in the calculations.

Quw = Fviw X tygw (5)

where Qs is the cumulative gas emission from MIW-mediated (kg C or N ha), Fy is
the CH4 or N>O flux immediately-after-disturbance by MIW (kg C or N m™ h!), ty, is the
converging time (=1 h). The contribution ratio of Q,y, to total emissions of MIW period was
calculated at T2 and T5 in 2023. Quu for 2022 was estimated using this ration and total

emissions for that year.
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4.2.7. Measurement of environmental factors

CH4 and N>O concentrations in the soil air gas at 5 and 10 cm depth were measured using a
compact buried tubing soil-gas monitoring system shown in Section 3.5.1. Soil air gas sampling
was conducted on the same day as total gas sampling. Each soil air gas sample (5 mL) was
placed in an evacuated glass vial (10 mL) containing 10 mL of pure nitrogen. The CH4 and N>O
concentrations were determined using gas chromatography.

Dissolved CH4 and N2>O concentrations in paddy field water were measured by the method
shown in Section 3.5.1 and 3.5.2 during the flooding over the cultivation period, including the
MIW period. This sampling was conducted on the same day as total gas sampling. Water
samples were collected from the central depth of the surface water in each plot at 7-10 days
interval during the MIW period and at 14 day interval during the rest of the period.

The average daily air temperature, precipitation and atmospheric pressure during the
cultivation period of 2022 and 2023 were obtained from the AMeDAS which described in
Section 3.6.1. Water temperature and soil temperatures at 3 cm depths in each plot were
measured using a thermometer during total and diffusive gas sampling. Water depth was
calculated as the difference between the height of the acrylic chamber measured during total
gas sampling and its original height. These values were then compared with the readings from
the water depth sensor installed at the center of each field.

Eh at 5 cm depth was measured during the cultivation period using Eh meters which describe
in Section 3.6.5.

Rice plant height and tiller number were measured as rice growth indicators which describes

in Section 3.6.6.

4.2.8. Statistical analysis
Differences among T0, T2 and T5 were tested using One-way ANOVA. Differences between

pathways and years were tested using a two-way ANOVA for each treatment. If a significant
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difference was observed, a multiple-comparison test was performed using the Tukey-HSD test.
The relationship between CH4 and N>O fluxes and environmental factors was tested using
Pearson's correlation coefficient test. For each statistical analysis, a difference or correlation
was considered significant when the significance level was <5%. However, since CF was in
different locations, it was used for reference and not for analysis of the between treatments. The

analysis was performed using R (R Development Core Team, 2022; version 4.2.2).

4.3. Results
4.3.1. Each CH4 flux during the MIW period

No significant differences in total CHy4 flux were observed between treatments in both years
(Figures 4.3a and 4.3b). Although there were no significant differences in total CH4 emissions,
total CH4 emissions were highest at TO (21.2 kg C ha™) in 2022, and at T5 (16.4 kg C ha'!) in
2023 at organic rice farming field. Total CH4 emissions at TS remained the same in both years,
and the amount of the treatments tended to vary between years (Table 4.1).

Diffusive CHs flux ranged from -0.02 to 1.14 mg C m?h'!, varying between years (Figures
4.3c and 4.3d). On 13 July 2022, TO was significantly higher than T2 and TS5, while on 7 July
2023, T2 and T5 were significantly higher than T0. Diffusive CH4 emissions were highest at
TO (4.17 kg C ha') in 2022 and at T2 (1.78 kg C ha') in 2023 at organic rice farming field
(Table 4.1).

Ebullitive CH4 flux ranged from 0.0001 to 0.32 mg C m™ h™!, with no significant differences
among treatments (Figures 4.3e and 4.3f). Ebullitive CH4 emissions were highest at TO and T5
(0.17 kg C ha') in 2022 and at T2 (0.12 kg C ha') in 2023 at organic rice farming field but
showed no significant treatment differences in both year (Table 4.1).

Rice-mediated CH4 flux ranged from 0.02 to 6.77 mg C m™ h'!, varying between years and
were not significantly different among treatments in each year (Figures 4.3g and 4.3h). Rice-

mediated CH4 emissions were greater at TO > T2 > TS5 in 2022 but reversed in 2023 with TS5 >
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T2 > TO (Table 4.1). No significant differences were found, but trends differed between the
years.

MIW-mediated CHs flux more at TS5 (disturbances every 7 days) compared to T2
(disturbances every 28 days). At T2, CHa flux rose from 2.64 mg C m2 h™! (6 June 2023) to 131
mg C m2 h'! (4 July 2023). At T5, CH4 flux increased from 1.99 mg C m™ h™! (June 6) to 297
mg C m? h'! (July 4), showing a tendency to increase with each measurement. MIW-mediated
CH4 emissions were 1.41 kg C ha'! in 2022 and 1.34 kg C ha! in 2023 at T2 and 4.48 kg C ha"

Pand 6.68 kg C halat TS5 (Table 4.1).

4.3.2. Relationship between each CH4 flux and environmental factors during the MIW

period

Total CHj4 flux correlated positively with the water temperature at CF and TO, but not at T2 or
T5 (Table 4.2). Significant correlations were also observed with soil temperature, plant height,
tiller number (positive), and Eh (negative) across treatments.

Diffusive CH4 flux correlated positively with dissolved CH4 concentration at CF and TO, but
not at T2 and T5 (Table 4.2).

Ebullitive CH4 flux correlated positively with water and soil temperature at TS, respectively,
as well as with plant height and tiller number across treatments, and negatively with Eh (Table
4.2).

Rice-mediated CH4 flux correlated positively with water temperature at CF and TO but not
at T2 and TS5 (Table 4.2). Additionally, a positive correlation with soil temperature was observed
at CF, TO, and T2. Furthermore, plant height, tiller number, and Eh showed significant

correlations across all treatments.
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Figure 4.3. Seasonal variation in total methane (CH,) flux in 2022 (a), 2023 (b), diffusive CH,
flux in 2022 (c), 2023 (d), ebullitive CH, flux in 2022 (e), 2023 (f), rice-mediated CH4 flux in
2022 (g), 2023 (h). Black and white arrows denote the timing of irrigation and drainage. Md
indicates mid-season drainage, Id indicates intermittent drainage and Cd indicates complete

drainage. Dotted arrows indicated inter-tillage weeding. Gray scale denotes the MIW period
(June 10 to July 13 in 2022 and June 9 to July in 2023).
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Table 4.1. Comparison of each pathways of CH4 during multiple inter-tillage weeding (MIW) period.

CFt TO T2 T5
CH4 emission (Contribution ratio to total CH4 emission)
Year Pathway kg C ha'(%)
2022 Diffusion 0.85 (4) b# 4.17 (20) b 0.92 (6) c 1.96 (13) a
Ebullition 1.05 (5) b 0.17 (1) b 0.09 (1) c 0.17 (1) a
Rice-mediated 21.6 (92) 16.8 (80) a 12.3 (84) a 9.52 (61) a
MIW-mediated NAS (NA) NA NA(NA) NA 14109 c 4.48 (24) a
Total 23.5 NA 212 A 147 A 16.1 A
2023 Diffusion 2.48 (29) b 0.88 (16) b 1.78 (16) bc 0.49 (4) a
Ebullition 0.25 (3) b 0.03 (0) b 0.12 (1) c 0.04 (0) a
Rice-mediated 5.82 (68) a 5.41 (84) b 6.69 (71) b 9.19 (62) a
MIW-mediated NA (NA) NA NA(NA) NA 1.34(11) c 6.68 (33) a
Total 8.55 NA 6.32 A 993 A 16.4 A
Year ns ok ns ns
Pathway x Year ns ok * ns

T Treatments CF, TO, T2 and T5 are conventional rice farming, and organic rice farming with no inter-tillage weeding, two time of inter-tillage
weeding, and five time of inter-tillage weeding without fertilizer and agricultural chemical.
* Small alphabet with the same letter is not significantly different in each column and capital alphabet with the same letter is not significantly
different in each line (p < 0.05).
¥ NA means no implementation.

k% p <0.001, ** p <0.01, * p <0.05, ns, not significant (p > 0.05).
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Table 4.2. Peason correlation coefticient between CH4 flux from each pathways and environmental factors during MIW period.

Plant Tiller

AD? WT ST WD , Eh Dis CHs SG5 CHs4 SGI10 CHy
Pathway Treatment height number
hPa °C °C cm cm hill! mv mg CL! ppmv ppmv
Diffusion CFf 0.15 -0.35 -0.21 0.54* 0.01 0.15 -0.33 0.80***  0.48 0.50
TO -0.30 0.46 0.64* 0.39 0.86***  (.81***  -0.85%** (.61* -0.37 -0.38
T2 0.40 0.48 0.35 -0.46 -0.08 0.08 -0.47 -0.06 -0.22 0.17
TS 0.36 0.64* 0.79***  -0.39 0.70%*  0.82***  -0.89*** .0.14 0.89***  -0.46
Ebullition CF -0.09 0.23 0.41 -0.49 0.87***  0.83%**  -0.71*%*  0.20 -0.15 -0.26
TO -0.34 0.45 0.70**  0.37 0.94***  0.92%**  .0.90*** 0.70**  -0.34 -0.33
T2 -0.10 -0.05 0.30 0.0003  0.69**  0.67**  -0.55* 0.48 -0.19 0.15
TS 0.30 0.65* 0.72**  -0.39 0.61% 0.74**  -0.77**  -0.31 0.94***  -0.43
Rice-mediated CF 0.06 0.57* 0.70**  -0.39 0.93*** 0. 91%**  -0.77%*  0.27 -0.19 -0.29
TO 0.21 0.72**  0.93*%**  -0.07 0.91***  (0.95%**  .0.92%** (.58* -0.44 -0.44
T2 0.07 0.43 0.74**  -0.15 0.92%**  (0.94%**  .0.77%* (.38 -0.44 0.08
TS -0.08 0.01 0.46 0.27 0.68**  0.63* -0.65%* 0.75**  0.06 -0.07
Total CF 0.08 0.54* 0.69**  -0.35 0.94***  (0.93%**  -0.81*%** (.35 -0.16 -0.25
TO 0.13 0.71**  0.93*** (.01 0.94**% (0. 97%**  .0.95%** (.61* -0.45 -0.45
T2 0.12 0.49 0.78***  -0.22 0.90***  0.94%**  _0.83*%** (.37 -0.46 0.11
TS -0.001 0.15 0.59%* 0.16 0.76**  0.74%*  -0.77%*  0.64* 0.25 -0.16

T Treatments CF, TO, T2 and T5 are conventional rice farming, and organic rice farming with no inter-tillage weeding, two time of inter-tillage
weeding, and five time of inter-tillage weeding without fertilizer and agricultural chemical.

*AD represent average difference in atmospheric pressure over the days of measurement, WT represent water temperature, ST represent soil
temperature at 3 cm depth, WD represent water depth, Eh represent soil redox potential at 5 cm depth, Dis CH4 represent the dissolved CHy
concentration in paddy field water, SG5 CH4 and SG10 CH4 represent CH4 concentration in soil air gas at 5 and 10 cm depth.

%k p <0.001, ** p <0.01, * p<0.05.
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4.3.3. Comparison of CH4 emission pathways during the MIW period
Rice-mediated CH4 emissions were the dominant pathway (61-92%) in all treatments across
both years (Table 4.1). Diffusion and ebullition were the next major contributors at CF and TO.
At T5, MIW-mediated CH4 emissions were the second-largest pathway followed and at T2,
diffusion pathway or MIW-mediated, depending on the year, followed by ebullition. Diffusion
contributed 4-29%, while ebullition was negligible (0-5%). MIW-mediated accounted for only
3—8% of total CH4 emissions during cultivation, which were much higher overall. (Table 4.3).
A two-way ANOVA showed pathways significantly influenced CH4 emissions (p < 0.01)
(Table 4.1). At TO, year differences affected CH4 emissions (p < 0.01), with interaction effects

between pathway and year at TO and T2 (p < 0.05).

Table 4.3. Cumulative CH4 emissions (mean + SD) during the cultivation period and

contribution ratio of multiple inter-tillage weeding (MIW).

CH4 emission (Contribution ratio of MIW)
kg C ha'! (%)

2022 2023
CFt 85.8420.2 (NAH) 49.1+£9.90 (NA)

TO 68.0£29.9 (NA)  al 29.8+2.46 (NA) a
T2 50.946.19 (3) a 48.6£27.5(3) a
TS 64.4+61.0 (8) a 97.5481.9 (7) a

T Treatments CF, TO, T2 and T5 are conventional rice farming, and organic rice farming
with no inter-tillage weeding, two time of inter-tillage weeding, and five time of inter-
tillage weeding without fertilizer and agricultural chemical.

INA means no implementation.

YValue with the same letters is not significantly different in each column (p < 0.05).

4.3.4. Each N20 flux during the MIW period

Total N>O flux showed no significant differences between treatments but varied widely with
time, showing both positive and negative values (Figures 4.4a and 4.4b). Total N2O emissions
were either negative or positive, showing both absorption and emission trends. The amount of

treatments tended to vary between years (Table 4.4).
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Diffusive N2O flux ranged from -14.9 to 46.1 pg N m™ h!, also varying between years
(Figures 4.4c and 4.4d). Diffusive N2O emissions were highest at TS in both years, showing an
increasing trend compared TO (Table 4.4).

Ebullitive N>O flux ranged from 0.002 to 0.43 ug N m? h'!, showing no significant
differences between treatments (Figures 4.4e and 4.4f). Ebullitive NoO emissions were
negligible and not significantly affected by treatments, remaining similar with or without MIW
in both years (Table 4.4).

Rice-mediated N>O flux ranged from -47.2 to 15.2 ug N m? h'!' and was largely negative
(Figures 4.4g and 4.4h). No significant differences between treatments were found. Rice-
mediated N>O emissions followed the order T2 > T0 > T5 in 2022, and T2 > T0 > T5 in 2023,
though the magnitudes differed yearly (Table 4.4).

MIW-mediated N>O flux showed no clear pattern. At T2, it increased from 0.421 mg N m™
h™! (6 June 2023) to 0.705 mg N m h'! (4 July 2023). At T5, it varied from 0.092 mg N m™ h'!
(6 June 2023) to 5.20 mg N m™ h! (13 June 2023), -0.077 mg N m? h'! (20 June 2023), -0.070
mg N m? h'! (27 June 2023), and 0.241 mg N m? h'! (4 July 2023). MIW-mediated N.O
emissions were 0.02 kg N ha™! in 2022 and 0.01 kg N ha™! in 2022 at T2 and 0.02 kg N ha! and

0.05 kg N ha! at T5 (Table 4.4).
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Figure 4.4. Seasonal variation in total nitrous oxide (N20O) flux in 2022 (a), 2023 (b), diffusive
N20 flux in 2022 (c), 2023 (d), ebullitive N2O flux in 2022 (e), 2023 (f), rice-mediated N>O
flux in 2022 (g), 2023 (h). Black and white arrows denote the timing of irrigation and drainage.

Md indicates mid-season drainage, Id indicates intermittent drainage and Cd indicates complete

drainage. Dotted arrows indicated inter-tillage weeding. Gray scale denotes the MIW period
(June 10 to July 13 in 2022 and June 9 to July in 2023).
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Table 4.4. Comparison of each pathways of NoO during multiple inter-tillage weeding (MIW) period.

CFt TO T2 T5
N20 emission (Contribution ratio to total NoO emission)
Year Pathway kg N ha! (%)
2022 Diffusion 0.03 (263) ab*  0.07 (79) a 0.09 (58) a 0.14 (164) a
Ebullition 0.0004 (4) ab  0.0001 (0) ab  0.0002 (0) b 0.0002 (0) ab
Rice-mediated -0.04 (-367) b 0.02 (21) ab  0.05Q31) ab  -0.07 (-79) b
MIW-mediated NA (NA) NA NA(NA) NA 0.02 (11) ab  0.02 (14) ab
Total -0.01 NA 0.09 A 0.16 A 0.09 A
2023 Diffusion 0.04 (88) a 0.04 (209) ab  0.02(88) ab  0.06 (240) ab
Ebullition 0.0008 (2) ab  0.0001 (0) ab  0.0001 (0) b 0.0001 (0) ab
Rice-mediated 0.01 (11) ab  -0.05(-310) b -0.01 (-28) b -0.09 (-365) b
MIW-mediated NA (NA) NA NA(NA) NA 0.01 (40) b 0.05 (225) ab
Total 0.05 NA -0.01 A 0.02 A 0.02 A
ANOVA Pathway oAk * ok
Year ns ns ns
Pathway x Year ns ns ns ns

T Treatments CF, TO, T2 and T5 are conventional rice farming, and organic rice farming with no inter-tillage weeding, two time of inter-tillage

weeding, and five time of inter-tillage weeding without fertilizer and agricultural chemical.

* Small alphabet with the same letter is not significantly different in each column and capital alphabet with the same letter is not significantly

different in each line (p < 0.05)..
¥ NA means no implementation.
% p <0.001, ** p <0.01, * p <0.05, ns, not significant (p > 0.05).
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4.3.5. Relationship between each N20 flux and environmental factors during the MIW

period

Total N>O flux correlated negatively with the tiller number at T2 and T3, positively with the
dissolved N>O concentration at T2, and with N>O concentration in soil air at 10 cm depth at TO
(Table 4.5).

Diffusive N2O flux correlated positively with dissolved N>O concentration at T2 and TS, but
not at CF and TO (Table 4.5).

Ebullitive N>O flux correlated negatively with atmospheric pressure differences at TO, but
fewer correlations were observed with environmental factors compared to CHy (Table 4.5).

Rice-mediated N>O flux correlated positively with water and soil temperatures at TO (Table

4.5).

4.3.6. Comparison of N20O emission pathways during the MIW period
Diffusion was the dominant N>O pathway (58-263%) for all treatments (Table 4.4). Rice-

mediated N>O emission contributed -367-31% to total, with negative values in both years at T5.
Ebullition contributed minimally (0-4%). MIW-mediated N>O emissions accounted for 11-40%
of N2O emission at T2 and 14-225% at TS, making it the second-largest pathway after diffusion.
MIW-mediated N2O emission contributed to the total during the cultivation period was low at
4% or 5% at T2 but accounted for about 30% at TS5 (Table 4.6).

A two-way ANOVA showed pathways that significantly influenced N2O emissions (p <0.05)
(Table 4.4). Year differences impacted N2O emissions at T2 (p < 0.05), but no interaction effects

between pathway and year were observed.
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Table 4.5. Peason correlation coefficient between N2O flux from each pathways and environmental factors during MIW period.

AD! WT ST WD  PH Tn Eh DisN2O  SG5N0  SG10N>O
Pathway Treatment .
hPa °C °C cm cm hill”! mv mgNL!'  ppmv ppmv
Diffusion CF? 0.09 0.15 0.13 0.03  -0.08 -0.06 0.05 048 0.15 0.001
TO 0.30 -0.47 -0.69**  -0.20 -0.58* -0.63* 0.50 0.40 0.39 0.34
T2 0.04 0.14 -0.23 0.32  -0.37 -0.49 034  0.76%* 0.03 0.03
T5 -0.16 0.10 -0.16 0.35 -0.28 -0.35 031  0.59* -0.28 -0.16
Ebullition CF 0.32 -0.55**  -0.50 -0.02  0.03 0.12 -0.15  -0.19 -0.29 -0.37
TO -0.66**  0.41 0.36 031 043 0.36 -0.37  -0.22 -0.10 -0.18
T2 -0.51 0.39 0.19 047  0.20 0.08 -0.16  0.69%** -0.19 -0.25
T5 -0.50 0.29 0.06 0.02  0.18 0.09 -0.12  0.50 -0.44 0.01
Rice-mediate CF 0.29 -0.03 -0.04 -0.05 -0.41 -0.28 0.25  -0.01 0.22 -0.04
TO -0.30 0.67%* 0.55%* 0.18  0.06 -0.05 0.02  -0.07 0.31 0.38
T2 -0.53 0.17 -0.09 0.15  -0.21 -0.38 028  0.17 0.31 0.44
TS -0.17 0.09 0.09 -0.13  -0.17 -0.19 0.12  -0.08 0.40 0.46
Total CF 0.25 0.04 0.03 -0.02  -0.33 -0.23 020 0.21 0.23 -0.03
TO -0.05 0.25 -0.001 0.01 -0.34 -0.48 035 0.21 0.53 0.56*
T2 -0.34 0.21 -0.20 0.30  -0.38 -0.57* 041  0.60%* 0.24 0.32
T5 -0.36 0.20 -0.04 0.17  -0.48 -0.57* 044 045 0.24 0.43

T Treatments CF, TO, T2 and T5 are conventional rice farming, and organic rice farming with no inter-tillage weeding, two time of inter-tillage
weeding, and five time of inter-tillage weeding without fertilizer and agricultural chemical.

*AD represent average difference in atmospheric pressure over the days of measurement, WT represent water temperature, ST represent soil
temperature at 3 cm depth, WD represent water depth, PH represent rice plant height, Tn represent tiller number, Eh represent soil redox
potential at 5 cm depth, Dis N>O represent the dissolved N>O concentration in paddy field water, SG5 N>O and SG10 N>O represent NoO
concentration in soil air gas at 5 and 10 cm depth.

**% p<0.001, ** p <0.01, * p <0.05.
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Table 4.6. Cumulative N2O emissions (mean + SD) during the cultivation period and

contribution ratio of multiple inter-tillage weeding (MIW).

N2O emission (Contribution ratio of MIW)
kg N ha'! (%)

2022 2023

CFt -0.06+0.40 (NAY) 0.29+0.30 (NA)

TO -0.17£0.23 (NA) a 0.05£0.10 (NA) a
T2 0.08+0.60 (4) a 0.25+0.03 (5) a
TS 0.07+0.33 (33) a 0.14£0.15(34) a

T Treatments CF, TO, T2 and T5 are conventional rice farming, and organic rice farming
with no inter-tillage weeding, two time of inter-tillage weeding, and five time of inter-
tillage weeding without fertilizer and agricultural chemical.

INA means no implementation.

¥ Value with the same letters is not significantly different in each column (p < 0.05).

4.3.7. Gas concentration during the MIW period

During the MIW period, dissolved CH4 concentrations in paddy field water increased with soil
and water temperatures and exceeded atmospheric equilibrium levels, indicating
supersaturation across treatments (Figures 4.5a, 4.5b, 4.8c, 4.8d, 4.8e, and 4.8f). During the
MIW period, they were similar in 2022 but higher at TS and T2 compared to TO in 2023.

During the MIW period, CH4 concentrations at 5 cm and 10 cm depth were not significantly
different among treatments in both year (Figures 4.5¢, 4.5d, 4.5¢ and 4.5f). At 5 cm depth, the
mean CH4 concentrations for the MIW period were greater at T5 (773 ppmv) > T2 (52.1) > TO
(18.5) in 2022 but reversed in 2023 with TO (2064) > T2 (1475) > T5 (692). At 10 cm depth
were greater at TO (38.4 ppmv) > T2 (24.2) > TS5 (21.6) in 2022 and at T2 (1838) > T5 (897) >
TO (716) in 2023.

During the MIW period in 2022, gaseous CH4 exceeded dissolved CH4 concentrations and
the gaseous CH4 tended to increase rapidly from June 19, similar to the changes in dissolved
CH4 concentrations in the paddy field water (Figure 4.5a and Table 4.7). A significant positive

correlation was found between gaseous CH4 concentration, which was calculated from the CHy4
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concentration in the trapped bubbles and the air-phase ratio. and the CH4 concentration in soil

air at 10 cm depth (Figure 4.6).
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Figure 4.5. Seasonal variation in dissolved methane (CH,) concentration in paddy field water
in 2022 (a), 2023 (b), CH, concentration in soil air gas at 5 cm depth in 2022 (c), 2023 (d), CH,
concentration in soil air gas at 10 cm depth in 2022 (e), 2023 (f). Black and white arrows denote
the timing of irrigation and drainage. Md indicates mid-season drainage, Id indicates
intermittent drainage and Cd indicates complete drainage. Gray scale denotes the MIW period
(June 10 to July 13 in 2022 and June 9 to July in 2023).
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Table 4.7. Concentration of gaseous and dissolved CHg in soil during multiple inter-tillage weeding (MIW) period in 2022.

June 1st - June 6th June 9th - June 11th June 19th - June 23rd June 23rd - June 30th June 30th - July 8th
Bubble Dissolved  Bubble Dissolved  Bubble Dissolved  Bubble Dissolved  Bubble Dissolved
pmol L!
CFt 289 1.58 915 5.09 23415 140 42451 223 59486 392
TO 210 at 1.09 a 181 a 1.10a 14202 a 74.2 a 10093 a 552a 21878 a 118 a
T2 258a 1.35a 286 a 1.75a 8254 a 40.2 a 4203 a 23.8a 19084 a 953a
TS5 26la 1.35a 1514 a 7.55a 2529 a 14.7 a 20133 a 109 a 24016 a 141 a

" Treatments CF, TO, T2 and T5 are conventional rice farming, and organic rice farming with no inter-tillage weeding, two time of inter-tillage
weeding, and five time of inter-tillage weeding without fertilizer and agricultural chemical.
Value with the same letters is not significantly different in each column (p < 0.05).

69



E
z 70000
£ 60000 - ACF @T0
8= XT2 ©T5
£ o~ 50000 698.9x - 3170
= Y= X -
S 40000 {  Rre-o0so1 A
=EG!
=+ = e
=7 20000 { ox M
@
2 10000 - e @
o) X
2 0 RE oK
S 0 20 40 60

CH, concentration in soil air gas
at 10 cm depth (ppmv)

Figure 4.6. Pearson correlation between gaseous CHs concentrations, which was calculated
from the CH4 concentrations in the trapped bubbles and the air-phase ratio, and CH4

concentrations in soil air gas at 10 cm depth.

During the MIW period, dissolved N>O concentrations fluctuated above and below
equilibrium, with no significant differences between treatments (Figures 4.7a and 4.7b). Mean
values during the MIW period were greater at T5 (0.61 mg N L") > T2 (0.52) > T0 (0.33) in
2022, and at T5 (0.77) > T2 (0.54) > TO (0.44) in 2023.

During the MIW period, N>O concentrations at 5 and 10 cm depth were not significantly
different between treatments in both years (Figures 4.7c, 4.7d, 4.7¢ and 4.7f). At 5 cm depth,
the mean N>O concentrations for the MIW period were greater at TS5 (3.94 ppmv) > T2 (2.36)
>T0 (2.03) in 2022, and at T5 (2.69) > TO (1.91) > T2 (1.46) in 2023. At 10 cm depth were
greater at TS (4.47 ppmv), T2 (2.74), and TO (2.36) in 2022 and T5 (2.49), TO (2.21), and T2

(1.91) in 2023.
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Figure 4.7. Seasonal variation in dissolved nitrous oxide (N2O) concentration in 2022 (a), 2023

(b), N20 concentration in soil air gas at 5 cm depth in 2022 (c), 2023 (d), N2O concentration in
soil air gas at 10 cm depth in 2022 (e), 2023 (f). Black and white arrows denote the timing of

irrigation and drainage. Md indicates mid-season drainage, Id indicates intermittent drainage

and Cd indicates complete drainage. Gray scale denotes the MIW period (June 10 to July 13 in
2022 and June 9 to July in 2023).
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Figure 4.8. Seasonal variation in precipitation, air temperature and atmospheric pressure in
2022 (a), 2023 (b), water temperature in paddy field water in 2022 (c), 2023 (d), soil
temperature at 3 cm depth in 2022 (e), 2023 (f), water depth in 2022 (g), 2023 (h), plant height
in 2022 (i), 2023 (j), tiller number in 2022 (k), 2023 (1), soil Eh at 5 cm depth in 2022 (m), 2023
(n). Black and white arrows denote the timing of irrigation and drainage. Md indicates mid-
season drainage, Id indicates intermittent drainage and Cd indicates complete drainage. Gray
scale denotes the MIW period (June 10 to July 13 in 2022 and June 9 to July in 2023).
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4.4. Discussion

4.4.1. CH4 emission during the MIW period

In general, CH4 emissions are primarily rice-mediated (90%), with smaller contributions from
ebullition (8%) and diffusion (2%) (Butterbach-Bahl et al. 1997). Our study confirms the
dominance of rice-mediated emissions (61-92%) but shows higher diffusion (4-29%)
contributions compared to ebullition (3-8%) (Table 4.1).

The two-way ANOVA revealed that CH4 emission pathways had a significant effect on total
emissions, with rice-mediated CH4 emissions playing a dominant role and influencing other
pathways (Table 4.1). During the MIW period, rising soil and water temperatures reduced CH4
solubility, leading to supersaturation and the transfer of dissolved CHj to the gas phase (Figures
4.5a and 4.5b). This process formed CHy-rich soil bubbles (Table 4.7), which likely impacted
the choice of emission pathways. Generally, organic-rich, shallow-water systems often show
>50% ebullition (Bastviken et al., 2008; Sawakuchi et al., 2014; Yang et al., 2020; Zhu et al.,
2016). However, despite high soil CH4 levels, ebullition contributed minimally in this study.
Rice-mediated CH4 emissions occur via molecular diffusion driven by pore water-atmosphere
concentration gradients (Nouchi et al., 1990) or direct transport through gas-permeable rice
stems (Hosono and Nouchi, 1997). Furthermore, elevated soil temperatures increased bubble
CHy4 levels, expanding root contact areas and enhancing rice-mediated uptake (Kajiura and
Tokida, 2024; Nouchi et al., 1990). As a result, the abundant CHas-rich bubbles in the soil may
have been preferentially released through rice-mediated pathways rather than ebullition.
Furthermore, the greater CH4 emissions via the diffusion pathway compared to previous studies
suggest that dissolved CH4 may have competed between transport into rice roots and diffusion
through floodwater, with much of it being emitted via the latter. Thus, CH4 form (gaseous or
dissolved) significantly affects emission pathways. Additionally, Kajiura et al. (2024) reported

greater ebullition in ‘Koshihikari® fields compared to other varieties, highlighting varietal
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differences in CHg4 transport. Although this finding suggest rice varieties may influence CHgs

pathways, warranting further research.

4.4.2. MIW effects on CH4 emission pathways

During the MIW period, CH4 emission pathway analysis showed that at T5 (7-day disturbance
interval), MIW contributed 20-30% of the total emissions, while rice-mediated emissions
decreased to about 60% (Table 4.1). The MIW-mediated emissions were higher at TS than at
T2 (28 days interval). At T2, rice-mediated emissions accounted for approximately 80% of total
emissions, similar to CF and TO, suggesting that bubbles accumulated over 28 days were
primarily emitted through the rice pathway (Table 4.1).

Eh measurements showed temporary increase in the redox potential post-MIW, followed by
declines before the next MIW, indicating a temporary oxygenation effect (Figures 4.8m and
4.8n). Oxygen supplied during sediment disturbance was likely rapidly consumed for organic
matter decomposition due to increased dissolved organic matter and enhanced microbial
activity, thereby accelerating soil reduction (Oliveira Junior et al., 2019). Similarly, the
temporary oxygen input from MIW may have stimulated microbial activity and organic matter
degradation, leading to rapid oxygen consumption and, paradoxically, an acceleration of soil
reduction. Booth et al. (2021) reported that 7 days disturbance intervals align with the
methanogen bubble replenishment cycles, maximizing bubble CH4 release. Similarly, since
CH4 emissions from the MIW-mediated pathway were higher at TS (7-day interval) than at T2
(28-day interval) (Table 4.1), the 7-day MIW interval may have promoted CH4 production,
particularly facilitating the sufficient formation of gaseous CH4. However, no significant
differences in soil CHs4 concentrations or gaseous CHs quantities were observed between
treatments during the MIW period (Figures 4.5¢, 4.5d, 4.5¢ and 4.5f, Table 4.7). Variability in
soil air gas measurements suggests the need for more measurements within the plot and lab

incubation studies to explore the link between disturbance and CH4 production. However, the
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MIW-mediated CH4 emission were smaller compared to the total CH4 emission over the
cultivation period (Table 4.3), suggesting that this impact was low. These results contradict our
hypothesis, that is oxygen supply associated with MIW promoted CH4 production rather than
oxidation. Furthermore, while MIW-induced disturbance contributed to the release of gaseous
CHs4 from the soil instead of the rice-mediated pathway, its emissions did not significantly
impact that total CH4 emission.

Over the two years, the contribution ratios of each CH4 emission pathway showed no
significant variation (Table 4.1), indicating that the impact of MIW on CH4 emission pathways
did not vary annually. However, while the total CHs4 emission during the MIW period were
similar in both years at T5, the total CH4 emission during the cultivation period were 64.4 kg C
ha! in 2022 and 97.5 kg C ha™! in 2023. This suggests that the organic matter that has been
decomposed by MIW may have been affected by external factors such as weather during the
after MIW period, resulting in increased CHs4 emissions during the after MIW to harvest period
(Table 4.3). In 2023, dissolved CH4 concentration remained elevated from the end of MIW
period at TS (Figure 4.5b), indicating a more supersaturated state compared to 2022. This
suggests that high concentrations of gaseous CH4 were present in the soil, which may have been
primarily emitted through the rice-mediated pathway. Additionally, water and soil temperature
from the end of MIW opposite trends between 2022 and 2023 (Figures 4.8c¢, d, e, and f). Since
total CHg4 flux showed a significant positive correlation with soil temperature (Table 4.2), MIW-
induced CH4 production appears to be temperature-dependent. Previous studies have reported
that relative high temperatures (but below 32°C), microbial decomposition of crop residues is
enhanced, leading to increased CHs emission (Chen et al., 2021). Therefore, the positive
priming effect of MIW on CH4 emission is likely temperature-dependent and may persist
beyond the MIW period, highlighting the importance of monitoring CH4 emissions throughout

the cultivation period.
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4.4.3. N20 emission during the MIW period

N20 pathway analysis revealed that diffusion was the primary emission route during the MIW
period, with negligible ebullition (Table 4.4). And rice-mediated N>O emissions fluctuated
between positive and negative values, indicating that rice can both emit and absorb atmospheric
N20. This contrasts with Yan et al. (2000), who reported that rice accounted for 87.3% of N.O
emissions under flooded conditions in pot experiments. As aquatic plants, rice can absorb or
release N>O based on the concentration gradient between the atmosphere and rhizosphere (Li
etal., 2018; Senga et al., 2010). In this study, rice-mediated N>O fluxes likely shifted according
to soil N2O concentrations. Total N2O emissions during the MIW periods in 2022 and 2023
were significantly below the negligible threshold of 0.89-0.97 kg N ha™! (Chen et al., 2021;
Shang et al., 2011), indicating that the field was a minor N>O source.

Two-way ANOVA confirmed that pathways significantly influenced N>O emissions, with
diffusion potentially affecting other pathways (Table 4.4). The absence of ebullitive N,O
emissions likely resulted from its higher solubility compared to CHa, leading to N2O retention
in pore water (Yuan et al., 2021). Dissolved N2O concentrations in paddy field water fluctuated
around atmospheric equilibrium (Figures 4.7a and 4.7b), suggesting brief gaseous forms but
predominantly dissolved forms. Dissolved N>O likely diffused into the atmosphere, driven by
pore water concentration gradients, while rice-mediated absorption partially offset diffusive
emissions. When significant soil-to-atmosphere N>O gradients exist, rice plants can act as
conduits for atmospheric N>O uptake (Li et al., 2018). This suggests that diffusion rates may
have exceeded rhizosphere N>O production, creating gradients that facilitated N>O absorption
by rice. Furthermore, nitrate availability strongly influences N>O reduction, with lower nitrate
levels promoting more complete N>O consumption (Li et al. 2018). In nitrate-limited flooded
fields, denitrification likely contributed to N>O gradients. These combined mechanisms explain

the observed N>O dynamics in this study.
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4.4.4. MIW effects on N20 emission pathways

Comparing TO and T5, frequent MIW did not significantly increase N2O emissions through the
diffusion pathway. However, over two years, T5 tended to have higher diffusive N>O emissions
than TO (Table 4.4). During the MIW period, the mean of dissolved N2O concentrations in
paddy field water and soil air at 5 and 10 cm depths has the highest trend at T5. However, a
pattern absents at T2, suggesting these increases were driven by frequent disturbances.
Temporal changes in Eh confirmed temporally oxygenation from MIW (Figures 4.8m and 4.8n).
Enhanced oxygen promotes N>O production during denitrification, as reported in previous
studies (Li et al., 2013; Morley and Baggs, 2010). MIW likely stimulated nitrification,
generating NO3", which acted as an electron acceptor during denitrification, thereby increasing
N20 production potential. The observed link between dissolved N>O in paddy field water and
N20 concentration in soil air suggests rapid transport of soil-generated N>O via porewater to
paddy field water. Additionally, N>O production in paddy field water may have been enhanced.
Coupled nitrification-denitrification, favored in mixed aerobic-anaerobic environments created
by suspended sediments, likely contributed to elevated N>O emissions in water systems (Liu et
al., 2013; Xia et al., 2017, 2021; Zhou et al., 2019). MIW-induced soil disturbances likely
enhanced these reactions, increasing N>O production in paddy field water.

In contrast, ebullitive N>O emissions showed minimal differences across treatments (TO, T2,
T5), indicating limited MIW effects on this pathway. However, MIW-mediated N>O emissions
accounted for 11-40% (T2) and 14-225% (T5) of total emissions, making MIW a notable
source, second only to diffusion (Table 4.4). Over the cultivation period, MIW-mediated
contributed over 30% of TS emissions in both years, highlighting its importance (Table 4.6).

Rice-mediated N>O uptake trend was consistently observed at TS5 across two years. At TS5,
increased N>O production during the MIW periods was accompanied by enhanced uptake via

rice plants. This may be due to (1) rapid transport of N>O through diffusion pathways, (2) fast
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N2O reduction rates, and (3) periodic N>O release via ebullition. These factors likely steepened
the N>O gradient between soil and atmosphere, facilitating greater uptake by rice plants.
These results partially support the hypothesis that the change in the redox potential of the
soil due to the oxygen supply associated with MIW promotes N>O production in the soil,
thereby increasing total N>O emission. Specifically, oxygenation induced by MIW stimulated
nitrification and denitrification, leading to increased N>O emissions through the diffusion
pathway. However, MIW-driven N>O emissions were primarily associated with diffusion, with
minimal effects on ebullition. Additionally, a portion of the NoO generated by MIW was taken
up by rice plants, suggesting a complex impact on the overall N>O balance. These findings are
crucial for understanding MIW’s influence on N>O emissions, and future research should focus
on elucidating the detailed mechanisms of MIW-driven N2O production and consumption

Processces.

4.4.5. Validation of quantitative methods

This study extracted net diffusive gas flux using a threshold of 0.29 ppmv min"! for CHa4
concentration. Previous studies (e.g., Morishita and Hatano, 1999) reported a significant
positive correlation between diffusive CH4 flux and dissolved CH4 concentration in lake water.
Similarly, significant positive correlations were observed between diffusive CH4 flux and
dissolved CH4 concentrations in paddy field water at CF and TO, and between diffusive N.O
flux and dissolved N>O concentrations in paddy field water at T2 and T5 (Tables 4.2 and 4.5).
These results suggest that oxygen supply associated with MIW disturbances enhanced CH4
oxidation and N>O production, reflecting complex MIW-driven processes. Consequently, the
diffusive pathway analysis employed in this study is valuable for evaluating MIW's impact.
However, the method’s reliance on a CHs-specific threshold may not accurately transition
between dissolved and ebullitive N>O states. Establishing an N>O-specific threshold could

improve accuracy.
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Significant positive correlations between CH4 concentrations in the bubble trap and soil air
at 10 cm depth confirmed reproducibility in capturing soil bubble dynamics (Figure 4.6).
Ebullitive CH4 flux correlated positively with water or soil temperature, consistent with
decreased gas solubility at higher temperatures (Kajiura and Tokida, 2021). Ebullitive N>O flux
quantification is complicated by potential gas re-equilibration during prolonged sampling,
leading to re-dissolution. Increased sampling frequency of CHs and N>O fluxes are
recommended.

Some of the previous studies, e.g., Mariko et al. (1991), reported a positive correlation
between CH4 flux and tiller number. Significant positive correlations between the estimated
rice-mediated CH4 flux and plant height or tiller number across all treatments (Table 4.2)
confirmed that CHs4 emissions depend on rice growth. The estimation of rice-mediated gas
fluxes may be influenced by measurement errors in diffusive and ebullitive gas fluxes.
Additionally, it is stated that the area covered by a chamber should be a multiple of the area
(hills) occupied by one rice plant (Minamikawa et al., 2015). The area of the chamber used to
measure our total gas flux is 0.180 m?, whereas the required chamber area estimated from the
planting density (24 hills m™) is 0.167 m?. The extra area is 0.013 m?. Thus, we calculated the
contribution of CH4 discharged from the extra area to the total CH4 emissions. As a result, only
1 to 2% of the total CH4 emissions were accounted for in all treatments. In this study, we
considered this overestimation to have no significant impact; however, improving measurement

accuracy requires further refinement of the methodology.

4.5. Conclusion

Analysis of CH4 and N>O emission pathways during the MIW period revealed relationships
among the three main pathways. It was suggested that the presence of gaseous CH4 may affect
the ebullition and rice-mediated pathways, with the diffusion pathway contributing relatively

more. High frequency (T5) MIW promoted the release of CHs-rich bubbles and temporarily
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reduced the contribution of CHy4 emissions from rice-mediated pathway. However, MIW-
mediated CH4 emissions were lower contributors (3-8%) to the total during the cultivation
period.

N20 was mainly present in the dissolved form, suggesting that it may move through the
porewater via diffusion pathways. MIW at high frequency (T5) enhanced N>O formation in
paddy field water and soil, but its emission rate exceeded the rate of N>O formation and
consumption in the soil, indicating that the concentration gradient between the atmosphere and
soil may be larger and enhance N>O absorption in the rice. However, MIW-mediated N>O
emissions at medium frequency (T2) were almost the same as at no-tillage (T0). MIW-mediated

N20 emissions were the second most important emission pathway after the diffusion pathway.
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5. Five-year Assessment of Multiple Inter-tillage Weeding on Greenhouse Gas Emissions,

Rice Yield, and Carbon Balance in Organic Rice Farming

5.1. Introduction

Numerous studies have shown the urgency to reduce GHG emissions and increase soil carbon
stock to mitigate global warming (Chen et al., 2021). However, rice paddy fields account for
approximately 48% of GHG emissions from agricultural land (Qian et al., 2023), and rice paddy
fields are a major source of CH4 emission, and it has been reported that CH4 emissions from
irrigated rice paddies account for 78% of global rice-derived CH4 emissions (Carlson et al.,
2017). On the other hand, since the decomposition of organic matter is slower in flooded soil
than in well-drained soil (Song et al., 2024; Witt et al., 2000), rice paddy fields play a role in
stabilizing COz in the soil through carbon stock. Thus, paddy fields serve as both a source of
GHG emissions and a carbon sink, emphasizing the need for a comprehensive evaluation of
management practices.

Therefore, we focused on the potential of MIW to supply oxygen and weeds under flooded
conditions to reduce GHG emissions and promote carbon stock in the soil. MIW is conducted
in a flooded state during the rice-growing season. The physical disturbance of MIW can supply
oxygen, potentially improving anaerobic conditions in paddy field water and soil, thus
significant mitigating CH4 production. However, there is concern that the oxygen supply
associated with MIW may not only increase N>O emissions in the nitrification and
denitrification processes due to redox state fluctuations, but also RH emissions caused by
microbial respiration. MIW incorporates weeds into the soil under flooded conditions which
may reduce their rate of decomposition and increase the amount of carbon remaining in the soil.
However, research on MIW has not been studied to studies by Kasubuchi et al. (2019) and Zhou
et al. (2023), which focus on its effects on rice yield increase and growth promotion. Few studies

have investigated the impact of MIW on GHG emissions and carbon stock.
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According to Wang et al. (2019), in the subtropical region of southern China, the annual
cumulative RH emissions under fertilization, steel slag, biochar, and the combination of steel
slag and biochar ranged from 13.0 Mg C ha'' to 16.3 Mg C ha™'. And regardless of the treatment,
RH contributed the most to the cumulative GWP compared to CH4 and N>O. Naser et al. (2019)
stress the importance of year-round monitoring to accurately evaluate RH, CHs, and N>O
emissions and carbon stock in paddy fields, as field management differs significantly between
the rice-growing season (flooded conditions) and the fallow season (dry conditions). MIW may
have potential for affecting the physicochemical properties of paddy soil and microbial
communities, and these changes may progress over the long term. In particular, the impacts on
carbon stock and GHG emissions are influenced by annual weather conditions, making it
difficult to capture long-term trends through short-term studies. Therefore, it is essential not
only to investigate CH4 and N>O fluxes but also to measure RH flux derived from microbial
respiration, and carbon stock over long periods and throughout the year to clarify interannual
variations and long-term trends.

Various strategies have been proposed to reduce GHG emissions in rice paddy fields, such
as reducing the use of organic and chemical fertilizers, cultivating rice varieties with lower CHy4
emissions, and alternate wetting and drying (Akiyama, 2024). However, Fang et al. (2021) point
out that these strategies often fail to guarantee yield stability, making their economic benefits
to farmers uncertain. This uncertainty may discourage farmers from adopting these practices,
highlighting the need for initiatives that explicitly address both GHG reduction and increased
farmer income. MIW has demonstrated yield-enhancing effects in previous studies, which
could motivate farmers to adopt this method. Therefore, evaluating the stability of rice yield
under MIW, along with its impact on GHG emissions and carbon stock, could lead to its
establishment as a new sustainable organic farming method.

This study aims to evaluate the effects of MIW on GHG emissions, carbon balance, and yield

using annual data covering both the rice-growing and fallow seasons under different
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management conditions. And we construct three hypotheses: 1) Oxygen supply associated with
MIW increases RH and N>O emissions while significantly reducing CH4 emissions and
lowering GHG balance; 2) MIW increases yield and decreases GHG emission intensity per
yield; and 3) The incorporation of weeds under flooded conditions enhances carbon stock. We
examined these hypotheses by monitoring the effects of different frequencies of MIW over five
years, referring to the rice growth, yield, soil environment, GHG balance, and carbon balance

in rice paddy field.

5.2. Materials and methods
5.2.1. Study site

The study site was organic rice farming fields at the Hokkaido University FSC described in
Section 3.1. The study period was from May 16 on 2019 to September 9 on 2023, including
rice-growing season (May to September) and fallow season (September to April of next year)
(Table 5.1). In winter, the study site has a long snow cover and a cold climate. However, in 2019

and 2020, the investigation was conducted only during the rice-growing season.

Table 5.1.Cumulative period and number of days from 2019 to 2023.

Year Season Periods Cumulative days

2019 Rice-growing 2019/5/16 ~ 2019/9/15 122

2020 Rice-growing 2020/6/6 ~ 2020/9/29 115

001 Fallow 2020/10/12 ~ 2021/5/4 204
Rice-growing 2021/5/20 ~ 2021/9/11 114

2022 Fallow 2021/9/28 ~ 2022/4/25 209
Rice-growing 2022/5/11 ~ 2022/9/28 140

2023 Fallow 2022/10/12 ~ 2023/5/8 208
Rice-growing 2023/5/11 ~ 2023/9/9 121
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5.2.2. Experimental design and field management

The organic rice farming field (1000 m?) was randomly divided into three treatments with no
inter-tillage weeding (TO0), two time of inter-tillage weeding (T2), and five time of inter-tillage
weeding (T5) in three replications (8.33 x 13.3 m plot™) (Figure 3.2a).

Field management for 2019-2023 is detailed in Section 3.2. MIW was conducted between
early June and early July during the study period. Details on the dates of MIW are described in

Section 3.3.

5.2.3. Environmental factors

Daily air temperature and precipitation were obtained from the AMeDAS and soil temperature
at depth of 3 cm in each treatment was measured using a thermometer describe in Section 3.6.1.
Eh at 5 cm depth was measured using Eh meters describe in Section 3.6.5.

Soil samples at 0-3 cm depth were collected from each treatment in two replicates using an
auger. This samples were used for analyzing soil pH, NH4" content, NO3", SO4*" contents,
WEOC. And soil samples at 5 cm depth were collected in two replicates from each plot using
a gas-tight syringe (20 mL). This samples were used for analyzing Fe?* contents. They were
measured by the method described in Section 3.6.2 and 3.6.3.

In 2021 and 2022, soil physical properties—such as solid-phase ratio, liquid-phase ratio, air-
phase ratio, porosity, and bulk density—were evaluated at the 0—5 cm depth during MIW period.
The detailed methods of these measurements are described in Section 3.6.4.1t was taken at 7-
10 days interval during the MIW period, 14 day interval between after MIW and harvest, and
30 days intervals during fallow season. However, Fe** contents and Eh measurements were

conducted during the rice-growing season, .

5.2.4. Plant production and grain yield

Rice plant height, tiller number, and chlorophyll content were measured by the methods in

Section 3.6.6 as rice growth indicators. These measurements were conducted at 7-10 days
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interval during the MIW period, 14 day interval between another period during the rice-
growing season from 2020 to 2023.

Rice plant samples were collected from 30 cm depth at timing of rice transplantation and
harvesting, separated by leaf and stem, grain, and root parts, and dried at 60°C for 48 hours.
After drying, the plants were weighed, and ground using a grinder (Mill TI 100; CMT,
Fukushima, Japan) and their carbon content was determined. The carbon content was analyzed
by the Tyurin (wet oxidation) method with K,Cr,O7 was used in 2020 and by the elemental
analyzer (vario MAX CN Macro or vario EL I1I, Elementar, Frankfurt, Germany) in 2019, 2021,
2022, and 2023.

Residues (rice straw, stubble, and roots), previous years’ weeds and weeds during MIW at
T2 and T5 were collected from a randomly selected 30 cm % 30 cm area in each treatment,
respectively. The residues were collected from 30 cm depth in early May before starting
waterlogging, and the previous year’s weeds were collected before harvesting. The weeds
during MIW were collected before each MIW practice. Similarly, the carbon content of the
residue and weeds was measured. Since the carbon content of weeds sprayed after the
harvesting in 2019 was not measured, the average of those sprayed in 2020-2023 was used. The
carbon inputs of weeds after the harvesting at TO, T2, and TS were assumed to be the same
because the weeds were equally returned. The carbon content of the weeds during MIW was
estimated for each year by multiplying the carbon content of the weeds measured during MIW
in 2023 by the dry weight of the weeds during MIW in 2019, 2020, 2021, and 2022. Since
weeds were completely weeded out at T2 and TS5 after the MIW, these were used as the carbon
input of weeds plowed in during the MIW.

To determine the yield components, 10 plant were cripped from each treatment, dried, and
then measured in terms of plant height (cm), culm length (cm), number of ears (number hill "),

and ear weight (g hill'!). The plant closest to the average of 10 plants was selected for
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measuring the number of ears per plant and the ripened grains (%). Brown rice (>1.8 mm),

and the 1000-grain weight (g) and brown rice yield were also determined.

5.2.5. Greenhouse gas fluxes

RH, CO; (sum of gross primary production (GPP) and ecosystem respiration (RE), CO-
(GPP+RE)), CH4 and N>O fluxes from the rice paddy fields were measured and calculated the
method described in Section 3.4. Gas sampling was conducted between 9:00 and 14:00. It was
taken at 7-10 days interval during the MIW period, 14 day interval between another period
during the rice- growing season, and 30 days intervals during the fallow season.

However, since RH emissions during the rice-growing season were not measured in 2019
and 2021, it was estimated using the following equation (6) to (11). GPP is the sum of net
primary production (NPP) and autotrophic respiration (RA), and RE is the sum of RA and RH.
Therefore, Qco,cpp+rE) could be expressed using sunlight duration (x) in equation (6). By

transformation equation (7) for RA could be obtained.

Qco,(Grp+rE) = —{NPP + RA — (RA + RH)x} (6)

RA = — (NPP + Qco,cpr+rE) — XRH )/1 —X (7
The ratio of RA to GPP (3) for 2020, 2022, and 2023 was calculated using equation (8), and

the average value of B (B'), was determined. Then, using the transformed equation (9), RA'

for 2019 and 2021 was calculated.

B = RA/GPP = RA/(NPP + RA) (8)

RA’ = B'NPP/(1 — B") ©)
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The ratio of Qry to RE (y), for 2020, 2022, and 2023 was calculated using equation (10),
and the average value (y') was determined. Then, using the transformed equation (11), Qgry’

for 2019 and 2021 was calculated.

Y = Qru/RE = Qru/(RA + Qrp) (10)

Qru’ = Y'RA/(1—Y") (11

In addition, the average values of RH, CHa4, and N>O emissions during the fallow season of
2019 and 2020 were average from 2021 to 2023.

RH or CH4 emissions per carbon input were calculated using equation (12).

Q/Ic = Q/Cinput x 100 (12)

where Q/I¢ is the RH or CH4 emissions per carbon input (%). Cinpye 1 the carbon content of
the previous year's weeds and weeds during MIW at T2 and TS5, or previous year’s residues

(rice straw, stubble, roots) or total them (Mg C ha!).

5.2.6. Calculation of GWP, GHGB, GHGI and NECB

GWP refers to the radiative forcing potential of the two greenhouse gases converted to the
carbon dioxide equivalent (CO2-eq) based on a 100-year scale (Hu et al., 2024). Cumulative
emissions of RH, CH4 and N>O were converted to GWPgy, GWPcy,, and GWPy,o,
respectively, using the CO; conversion coefficient (CO2: 1, CHs: 28, N2O: 265) provided by
IPCC (2014). GWP,ta; (Mg CO2-eq ha'!) was calculated by sum of GWPgy, GWPcy , and

GWPy, o as follows:

GWPRH = QRH X 44/12 (13)
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GWPey, = Qcn, X 16/12 x 28 (14)
GWPy,0 = Qu,o0 X 44/28 X 265 (15)

GWPtotal = GWPRH + GWPCH4 + GWPN20 (16)

where Qry, Qcp, and Qu,o are the annual cumulative RH, CHs4 and N>O emissions,

respectively.

GHG balance (GHGB, Mg CO;-eq ha') was calculated using equation (17):

GHGB = GWP,oa1 + Coutpur — (NPP + Cinput) (17)

where Coyipye 18 defined as the carbon content of stems, shoots, and roots taken out at harvest.
NPP is the rice and weed net primary production. Cippy¢ is the carbon content of the previous
year's weeds, rice straw, stubble, roots, and weeds plowed into the soil (T2 and TS5 only) by

MIW. They were summed so that the uptake was negative, and the emissions were positive.

GHG intensity (GHGI, Mg CO»-eq Mg yield ') was calculated by dividing GHGB by the

brown rice yield.

Net ecosystem carbon balance (NECB) (Mg C ha™!) was calculated using equation (18)

(Naser et al., 2019):

NECB = (NPP + Cinput) - (QRH + QCH4 + Coutput) (18)

NECB were summed so that the carbon loss was negative, and the carbon stock was positive.
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In 2023, MIW-mediated CH4 and N>O emissions (Quw) Were measured using the method
described in Section 4.2.6. The contribution ratio of Qyqw to the cumulative CH4 and N>O
emissions during the rice-growing season in 2023 was calculated at T2 and T3, respectively.
The contribution ratio was used to estimate Qpypw from 2019 to 2022 at T2 and TS5,
respectively, and added to the cumulative CH4 and N>O emissions during the rice-growing
season to obtain net the cumulative gas emissions, which was used to compare the GHGB,

GHG]I, and NECB.

5.2.7. Statistical analysis

All statistical analysis was conducted using R ver. 4.4.2 (R Development Core Team 2024).
One-way ANOVA was performed to examine the differences between treatments for the
measured parameters during the experimental period. The analysis was conducted using the
entire dataset from three treatments with three replications. Differences in NPP of rice plants,
GHG, GWP, GHGB, GHGI and NECB between treatments and year were tested using Two-
way ANOVA. When there were significant differences in the test, multiple comparison test was
performed using Tukey-HSD test. The relationship between GHG emissions and soil
environmental factors was tested using Pearson’s correlation analysis. The relationship between
each factor (RH, CHs, N2O, and environmental factors) was also tested using Pearson’s
correlation analysis. For each statistical analysis, a difference or correlation was considered

significant at the significant level of 5%.

5.3. Results
5.3.1. Environmental factors
Air temperatures were highest in the summer months of July and August and lowest in the

winter months of January in all five years (Figure 5.1a). Mean annual temperatures were 9.8,

10, 10.2, 10.2, and 11°C in 2019, 2020, 2021, 2022, and 2023, respectively. Annual
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precipitation was 814, 905, 1089, 1154, and 966 mm for 2019, 2020, 2021, 2022, and 2023,
respectively. During the study period, the air temperature was higher, and the precipitation was
lower compared to the respective averages from the past 30 years (1991-2020) in Sapporo.

The soil temperature varied seasonally as the air temperature (Figure 5.1b). There were no
significant differences in soil temperature among treatments throughout the study period. The
variation in soil pH exhibited a similar pattern at TO, T2, and T5 throughout the study period
(Figure 5.1c). The NH4" content in all treatments increased as waterlogging progressed and then
decreased after complete drainage throughout the study period (Figure 5.1d). The NH4" content
during the tillering stage (late MIW period) in 2019 at T5 was significantly higher than that at
T2, but no significant differences were observed in the other years. However, the NH4" content
at T5 generally showed higher values compared to other treatments. The NH4" content during
the maximum tillering stage in 2019 was significantly higher at T2 than that at TS5, but the
ranking of treatments varied across the years, showing inconsistency. The NH4" content during
the heading stage was not significantly different among the treatments; however, the NH4"
content at TS showed the highest values. The NO;3™ content peaked before irrigation and after
complete drainage in all the treatments throughout the study period (Figure 5.1¢).

Throughout the study period, Fe*" content increased as waterlogging progressed and
decreased after complete drainage in all treatments (Figure 5.1f). The SO+ content peaked after
complete drainage throughout the study period and showed an opposite trend to the NH4" and

Fe?* contents (Figure 5.1g).
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Figure 5.1. Seasonal variation of air temperature and precipitation (a), soil temperature (b), soil
pH (c), NH4" content (d), NOs™ content (e), Fe?" content (f) and SO4>* content (g) from 2019 to
2023. The black arrow at the top of the figure indicates irrigation and the white arrow indicates
drainage. The dotted arrows indicate the timing of inter-tillage weeding. The gray scale

indicates the rice-growing season; the other scales indicate the fallow season. Error bars indicate

standard deviation.
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Throughout the study period, Eh decreased as waterlogging progressed and increased after
complete drainage (Figure 5.2a). Eh remained relatively high during the MIW period at TS,
although there were no significant differences among the treatments. In 2023, Eh temporarily
increased immediately after MIW and a decreasing trend was observed by the next MIW. There

were no significant differences in the WEOC content among the treatments throughout the study

period (Figure 5.2b).
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Figure 5.2. Seasonal variation of soil redux condition (Eh) (a) and water extract organic carbon
content (b) from 2022 to 2023. The black arrow at the top of the figure indicates irrigation and
the white arrow indicates drainage. The dotted arrows indicate the timing of inter-tillage
weeding. The gray scale indicates the rice-growing season; the other scales indicate the fallow

season. Error bars indicate standard deviation.

The results of soil physical properties in 2021 and 2022 are presented in Table 5.2. Although
the MIW period is considered the most susceptible to disturbance, no significant differences
were observed among treatments in solid-phase ratio, liquid-phase ratio, air-phase ratio,
porosity, or bulk density. These findings indicate that soil disturbance caused by MIW had
minimal impact on soil physical properties.
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Table 5.2. Soil physicality at 0-5 cm depth (average of MIW period).

Solid-phase ratio  Liquid-phase ratio  Air-phase ratio  Porosity Bulk density
(%) (%) (%) (%) (g cm?)
2021 TO 36*28a 61£29a 37t19a 64+t2.8a 0.94%0.06 a
T2 33%£30a 61t23a 6.0t1.8a 67£3.0a 0.88+0.04 a
TS 37%1.6a 59*f25a 45%1.1a 63t1.6a 0.95+0.03a
2022 TO 32+1.0a 60+0.4 a 7.4+1.4a 68+1.0a 0.85+0.02 a
T2 33+0.8a 59+3.7 a 75433 a 67+0.8 a 0.88+0.02 a
T5 32+1.4a 60+4.1 a 79433 a 68+1.4a 0.85+0.04 a

Note: TO, T2 and TS are organic rice farming with no inter-tillage weeding, two time of inter-tillage weeding, and five
time of inter-tillage weeding without fertilizer and agricultural chemicals. Values represent mean + standard deviation and
value with the same letters is not significantly different in each column (p < 0.05).

5.3.2. Rice plants characteristics

At the maximum tillering stage in 2021, plant height was significantly higher at TS5 than T2.
However, there were no significant differences among T0, T2, and TS at the other rice-growing
stage of each year (Table 5.3). However, there was observed a tendency for the plant height to
increase under MIW practice. There was also no significant difference in tiller number among
the treatments at the rice-growing stages of each year (Table 5.3). The chlorophyll content in
2021 was significantly higher at TS than at T2 during the tillering stage, and significantly higher
at TS than at TO and T2 during the heading stage (Table 5.3). In other years, there were no
significant differences among the treatments; however, the chlorophyll content tended to
increase with the number of MIW across the growth stages.

The stems and leaves, grains, and total NPP in 2020 was significantly higher at TS than TO,
and the cumulative values over five years were also significantly higher at T5 than TO (Table
5.4). Each year, stems and leaves, grains, and total NPP tended to increase with the number of
MIW (Table 5.4). Over the five years, year and treatment differences had a significant impact
on the NPP of each part and total NPP (p < 0.05). However, no interaction between year and

treatment was observed.
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Table 5.3. Rice growth indicators for each rice-growing stage.

Plant height Tiller number Chlorophyll content
(cm) (number hill!) (SPAD)
Stage (S) Treatments (T) 2020 2021 2022 2023 2022 2023 2021 2022 2023
Tillering stage TO 41.5£6.64 b 459+195¢ 47.2+£3.10 ¢ 41.8+4.85b 12.1£1.10 ¢ 8.73+1.81 ab 31.9+1.74 ac 41.542.12 a 35.6+£1.30 a
(Late June - Early July ) T2 40.3£7.30 b 48.0+£3.16 ¢ 48.0+4.94 ¢ 43.2+431b 14.2+0.35 be 8.87+0.50 ab 29.3t1.16 ¢ 41.6t1.36a 37.0+2.54 a
TS 41.94291b 46.3+0.69 ¢ 45.3+2.45¢ 41.142.20 b 13.6+0.40 be 7.80£1.78 b 35.2+1.09 ab 41.8¢1.03 a 36.841.22 a
Maximum Tillering stage TO 62.8+3.09 a 62.3+1.73 cd 65.7+2.86 b 77.0+4.65 a 19.3+2.52 ab 12.7+1.62 ab 33.243.95 ac 41.71.81 a 3734579 a
(Mid - July) T2 65.1£3.32 a 61.0£2.44 ¢ 68.2+3.75b 78.8+5.50 a 21.144.28 a 12.742.53 ab 32.5+1.44 ac 41.742.02 a 39.3+3.01 a
TS 65.0£3.87 a 66.5+1.12 bd 66.8+3.86 b 75.144.80 a 18.4+2.16 ac 13.5£1.63 a 36.9+2.48 a 42.240.59 a 42.1+1.70 a
Heading stage TO 69.8+2.39 a 70.1+0.82 ab 82.0+1.54 a 78.6+5.65 a 16.6+3.82 ac 11.6+1.76 ab 30.4+1.73 be 39.2+2.56 a 36.8+8.60 a
(Late July — Early August) T2 70.3+1.78 a 71.142.53 ab 84.2+1.98 a 78.5+527 a 18.4+1.25 ac 12.2+1.44 ab 30.5+1.35 be 39.6+2.77 a 39.9+1.74 a
TS 72.9+0.75 a 72.9+1.43 a 82.8+5.69 a 75.9+2.92 a 15.5+2.16 ac 11.142.05 ab 36.7+0.85 a 39.7+1.68 a 42.744.01 a
ANOVA d.f F p F p F P F P F P F p F p F p F P
S 2 131 <0.001 381 <0.001 230 <0.001 177 <0.001  15.6 <0.001 155 <0.001 2.76 0.09 425 <0.05 1.90 0.178
T 2 0.503  0.613 399 <0.05 0.777 0475 0.848  0.445 2.08 0.154 0.144  0.867 20.0 <0.001 0.138 0.872 2.14 0.147
SxT 4 0.201 0934 272 0.062 0.158 0957 0.070  0.990 0316  0.864 0327 0856 0712 0.59%4 0.016 0999 0296 0.877

Note: TO, T2 and TS5 are organic rice farming with no inter-tillage weeding, two time of inter-tillage weeding, and five time of inter-tillage weeding without fertilizer and agricultural chemicals. Values represent mean + standard

deviation and value with the same letters is not significantly different in each column (p < 0.05).
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Table 5.4. Net primary production (NPP) of rice plants from 2019 to 2023.

Year (Y) Treatments (T) Stem & leaves Grain (Mg C ba') Roots Total
2019 TO 1.80 ab 1.43 cd 0.02d 3.26 ac
T2 2.10 af 1.50 ad 0.02d 3.62 ac
T5 235a 2.09 ad 0.02d 4.46 ab
2020 TO 0.82 cde 0.96d 0.16 c¢d 1.94 ¢
T2 1.35 bdefg 1.84 ad 0.51 ac 3.71 ac
T5 1.92 ag 273 a 0.37 ad 5.02a
2021 TO 0.70 e 0.99d 0.14 cd 1.83 ¢
T2 0.91 be 1.02 bd 0.19 bed 2.12¢
T5 1.06 bdeg 1.38 c¢d 0.29 ad 2.73 be
2022 TO 1.45 abde 1.93 ad 0.43 ac 3.81 ac
T2 1.72 abc 2.28 abc 0.51 ac 4.52 ab
T5 1.65 abd 2.36 ac 0.46 ac 4.47 ab
2023 TO 0.72¢ 1.28 c¢d 0.46 ac 2.46 be
T2 0.75 de 1.49 ad 0.60 a 2.83 be
T5 0.88 be 1.66 ad 0.56 ab 3.10 ac
5 years TO 549 B 6.60 B 1.22 A 13.3B
T2 6.83 AB 8.14 AB 1.84 A 16.8 AB
T5 7.86 A 102 A 1.70 A 19.8 A
ANOVA d.f F p F P F p F p
Y 4 27.2 <0.001 7.82 <0.001 239 <0.001 12.1 <0.001
T 2 9.01 <0.001 10.9 <0.001 3.94 <0.05 12.8 <0.001
Y xT 8 1.24 0.31 1.60 0.17 1.03 0.44 1.74 0.13

Note: TO, T2 and TS5 are organic rice farming with no inter-tillage weeding, two time of inter-tillage weeding, and five time of inter-tillage weeding without
fertilizer and agricultural chemicals. Value with the same letters is not significantly different in each column (p <0.05).
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Brown rice yields were not significantly different among treatments in each year or
cumulative value over five years (Figure 5.3). The brown rice yields did not show significant
differences among the treatments in each year, however, there was observed a tendency for the
brown rice yields to increase under MIW practice (Table 5.5). Brown rice yield had a significant

positive correlation with the number of MIW (r = 0.59, p < 0.05).
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Figure 5.3. Cumulative of brown rice yields each year from 2019 to 2023. Error bars indicate
standard deviation. The same letters show no significant difference in cumulative values among
the treatments (p <0.05).

The number of ears did not show significant differences among the treatments in each year,
however, the four-year average also indicated that T2 and TS5 were significantly higher than TO
(Table 5.5). In addition, both year and treatment had a significant effect on the number of ears.
For ripened grains, no significant differences were observed among the treatments in either each
years or the four-year average (Table 5.5). However, the year effect was significant, and at TS
generally showed lower values compared to other treatments. Regarding the 1000-grain weight,
T5 was significantly higher than TO in 2020, but no significant differences were found among
the treatments in other years (Table 5.5). The four-year average of the 1000-grain weight
showed T2 and T5 were significantly higher than T0. Both year and treatment, as well as their

interaction, had significant effects on the 1000-grain weight.
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Table 5.5. Characteristics of yield components and brown rice yields.

Year (Y) Treatments (T) Number of ears (number hill'')  Ripened grains (%) 1000-grain weight (g) Yield (Mg ha™)

2019 TO NA NA NA 2.40+0.30 a
T2 NA NA NA 2.27+1.10 a
T5 NA NA NA 2.824+0.51 a
Hokkaido NA NA NA 5.71

2020 TO 37.5+£1.27 cd 95a 18.8+1.27d 1.68+0.46 a
T2 48.2+14.4 ad 95a 21.4+1.27 be 3.00+0.95 a
T5 50.7£13.2 ad 94 a 22.1+£1.27 ac 3.55+1.22 a
Hokkaido NA NA NA 5.81

2021 TO 349+4.27d 90 a 21.3+0.61 be 1.70+£0.44 a
T2 45.4+9.03 bd 91 a 20.9+0.78 ¢ 2.59+1.02 a
T5 47.9+4.45 ad 93 a 21.5+0.60 ac 3.22+1.01 a
Hokkaido NA NA NA 5.97

2022 TO 47.7£9.05 ad 84 a 22.3+0.35 ac 3.04£1.05 a
T2 59.4+1.24 abc 86 a 21.8+0.37 ac 3.54+0.80 a
T5 58.1+4.85 ad 86 a 21.94+0.35 ac 3.65+£0.08 a
Hokkaido NA NA NA 5.91

2023 TO 56.6+£6.38 ad 94 a 22.8+0.99 ab 3.14+0.56 a
T2 70.4£10.9 a 93 a 23.2+0.71 a 3.31£0.22 a
T5 68.6£7.34 ab 80 a 22.2+0.28 ac 3.25+1.22 a
Hokkaido NA NA NA 5.82

Average of 4 year TO 44.2+10.3 B 90 A 21.1£1.73 B NA
T2 55.9+13.4 A 91 A 21.7+£1.00 A NA
T5 56.3£10.9 A 88 A 21.9+0.44 A NA

Sum of 5 year (Yield) TO NA NA NA 12.0£2.28 A
T2 NA NA NA 14.743.52 A
T5 NA NA NA 16.5+£3.84 A
Hokkaido NA NA NA 29.2

ANOVA d.f F p F p F p F p

Y 3 (4 (Yield)) 13.7 <0.001 3.57 <0.05 19.3 <0.001 2.43 0.07

T 2 (2 (Yield)) 8.34 <0.01 0.878 0.429 4.26 <0.05 4.68 <0.05

TxY 6 (8 (Yield)) 0.07 0.999 1.42 0.247 8.83 <0.001 0.75 0.65

Note: TO, T2 and TS5 are organic rice farming with no inter-tillage weeding, two time of inter-tillage weeding, and five time of inter-tillage weeding without
fertilizer and agricultural chemicals. Hokkaido is the average yield in Hokkaido. Values represent mean + standard deviation and value with the same letters
is not significantly different in each column (p < 0.05). NA indicates no data for the measurement.



5.3.3. RH emissions

RH flux tended to increase at mid-season drainage, intermittent drainage, and complete
drainage and showed similar temporal variation across all treatments over five years (Figure
5.4a).

Correlations between RH flux and soil environmental factors were provided in Table 5.6. All
treatments had significant positive correlations with RH flux and soil temperature during the
fallow season (p < 0.05). During the fallow season, there was a significant negative correlation
between RH flux and soil pH except for T5 (p < 0.05). There was a significant positive
correlation between RH flux and SO4* content during the rice-growing season at all treatments,
except for TO during the fallow season (p < 0.05).

Cumulative RH emissions during the rice-growing and fallow seasons showed positive
values across all treatments over five years (Table 5.7). Cumulative RH emissions during the
rice-growing season over five years were highest at T2, though there were no significant
differences among the treatments. For the fallow season, there were no significant differences
observed among the treatments. However, cumulative RH emissions during the fallow season
were significantly affected by differences in years and treatments (Table 5.7). The contribution
of RH emissions during the rice-growing season to annual values was 25-56% (average 43%)
for TO, 45-77% (average 58%) for T2, 23—-53% (average 38%) for T5.

There were no significant differences in RH emissions per carbon input among treatments in
each column during the both seasons over five years, except for RH emissions per weeds during
the fallow season (Table 5.8). RH emissions per carbon input exceeded CH4 emissions during
both seasons. Average RH emissions per weeds or residues during the rice-growing season over
five years were at TO (679% or 300%), T2 (632% or 491%) and T5 (460% or 266%). And
during the fallow season, they were at TO (700% or 410%), T2 (475% or 386%) and T5 (586%
or 365%). Unlike TO and TS5, the RH emission per weeds and residues was higher during the

rice-growing season than the fallow season at T2. Year differences had significant effects on
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RH emissions per weeds, residues, and total (weeds + residues) during the rice-growing season,
as well as on RH emissions per residues in the fallow season (p < 0.05). Additionally, both year
and treatments differences significantly affected RH emissions per weeds during the fallow
season, showing a significant interaction effect between year and treatment (p < 0.001).
Furthermore, both year and treatments differences had a significant effect on RH emissions per

total during the fallow season.

5.3.4. CH4 emissions

CHy flux increased sharply due to flooding during the rice-growing season, reaching a peak in
July or August. Afterward, CHs flux tended to decrease. During the fallow season, CH4 flux
fluctuated at very low values between consumption and emission (Figure 5.4b).

All treatments had significant positive correlations between CH4 flux and soil temperature
during the rice-growing season (p < 0.01, Table 5.6). There was a significant negative
correlation between CH4 flux and NO3™ content during the rice-growing season at all treatments
(p < 0.05). There was a significant positive correlation between CH4 flux and Fe?" content
during the rice-growing season except for TO (p < 0.05). There was a significant negative
correlation between CH4 flux and Eh during the rice-growing season at all treatments (p <0.01).

There were no significant differences in cumulative CH4 emissions during both seasons
among the treatments over five years (Table 5.7). Cumulative CH4 emissions during the rice-
growing season and on an annual basis were significantly influenced by year, with considerable
variability between years (Table 5.7). In 2019, CH4 emissions tended to increase by 36% and
181% at T2 and TS compared to TO, respectively. In 2020, the increases were 20% and 134%,
respectively. In 2021, CH4 emissions tended to decrease by 30% and 14%, respectively. In 2022,
they decreased by 26% and 5%, respectively. In 2023, they increased by 95% at T2 and 227%
at TS. Over five years, annual cumulative CH4 emissions were highest at TS, but there were no

significant differences among the treatments (Table 5.7). The contribution of cumulative CH4
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emissions during the rice-growing season to annual values was 98—100% for T0, 97-100% for
T2, and 98-100% for T5.

A comparison of the proportion of CHs4 emissions derived from different carbon sources
(weeds and residues) showed no significant differences among the treatments during the rice-
growing season over five years (Table 5.8). However, CH4 emissions per carbon input from
weeds and residues were significantly affected between years. The CH4 emissions per carbon
input from weeds, residues, or their total (weeds + residues) during the rice-growing season
averaged over five years were 29%, 15%, and 7.6% for TO; 21%, 15%, and 6.8% for T2; and
32%, 20%, and 11% for T3, respectively. Regardless of the carbon source, CH4 emissions per

carbon input tended to be slightly higher at T5.

5.3.5. N:20 emissions

N2O flux was emitted without a specific pattern, unlike RH and CH4 fluxes (Figure 5.4c).
During the rice-growing season, N>O flux ranged from -422 to 196 ug N m™ h'!, indicating low
emissions and low uptake. During the fallow season, N>O flux ranged from -29.5 to 79.6 ug N
m™ h'!, showing lower levels compared to the rice-growing season.

There was a significant negative correlation between N>O flux and Fe?* content during the
rice-growing season only at TS5 (p < 0.05, Table 5.6). N2O flux and Eh during the rice-growing
season had a significant positive correlation only at TS (p <0.01).

Cumulative N2O emissions during both seasons showed both emissions and absorption, with
no significant differences between treatments over five years (Table 5.7). Cumulative N,O
emissions during the rice-growing season, at TO, T2, and TS5, negative values were observed,
indicating an absorption tendency (Table 5.7). Cumulative N>O emissions during the fallow
season were highest at T2 over five years, but again, no significant differences were found
among the treatments. At T0, T2, and T3, positive values were observed, indicating an emission

trend (Table 5.7). Annual N>O emissions in the no-fertilization plots in several previous studies
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ranged from 0.18 to 0.76 kg N ha! (Wang et al., 2013; Yang et al., 2015; Yao et al., 2012; Yuan
et al., 2019; Zhang et al., 2010), while annual N>O emissions in this study ranged from -1.58 to
0.60 kg N ha'!. The contribution of N,O emissions during the rice-growing season to the annual
values was -179—-19% (average -78%) for TO, -195-77% (average -19%) for T2, -115-83%

(average 23%) for T5.
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Figure 5.4. Seasonal variation of RH (heterotrophic respiration) flux (a), CHs flux (b) and N>,O
flux (c) from 2019 to 2023. The black arrow at the top of the figure indicates irrigation and the
white arrow indicates drainage. The dotted arrows indicate the timing of inter-tillage weeding.

The gray scale indicates the rice-growing season; the other scales indicate the fallow season.
Error bars indicate standard deviation.
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Table 5.6. Pearson correlation coefficients for greenhouse gas (GHG) fluxes against soil environmental factors from 2019 to 2023.

Treatment Soil temp Soil pH NH," NO;y Fe* SO Eh WEOC
(°C) (mgNkg') (mgNkg" (gkgh (mg S kg™ (mV) (mg Ckg™)

RH flux Rice-growing season

TO 0.04 -0.30 -0.56 0.36 0.46 0.75%* 0.13 0.64*

T2 -0.02 -0.28 -0.59 0.39 0.34 0.75%* 0.03 0.51

T5 -0.12 -0.46 -0.42 0.43 0.17 0.78** 0.07 0.40

Fallow season

TO 0.80%* -0.77* 0.41 -0.10 - 0.45 - -0.35

T2 0.78* -0.75% 0.12 -0.34 - 0.82%%* - -0.10

T5 0.68* -0.67 0.22 -0.01 - 0.73* - -0.06
CHyj flux Rice-growing season

TO 0.76** 0.04 -0.09 -0.69%* 0.60 -0.41 -0.86%** 0.11

T2 0.85%** -0.27 -0.25 -0.63* 0.69%* -0.14 -0.92%%** -0.05

T5 0.77*%* -0.31 -0.30 -0.63* 0.73* 0.03 -0.80** 0.52

Fallow season

TO 0.44 0.00 -0.34 -0.21 - 0.13 - 0.59

T2 -0.10 0.26 -0.28 -0.34 - -0.14 - 0.28

T5 -0.01 0.05 -0.03 -0.28 - 0.13 - 0.63
NzO flux Rice-growing season

TO 0.05 0.25 0.01 -0.17 -0.44 -0.51 0.02 -0.53

T2 -0.02 -0.28 -0.59 0.39 0.34 0.75%* 0.03 0.51

T5 -0.61* 0.49 -0.07 0.18 -0.73* -0.37 0.75%* -0.47

Fallow season

TO -0.34 -0.03 0.37 -0.19 - 0.01 - -0.42

T2 0.10 0.15 -0.07 -0.22 - -0.23 - 0.19

T5 0.00 -0.58 0.34 -0.03 - 0.05 - -0.47

Note: * <0.05, **<0.01, ***<0.001.

TO, T2 and T5 are organic rice farming with no inter-tillage weeding, two time of inter-tillage weeding, and five time of

inter-tillage weeding without fertilizer and agricultural chemicals.
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Table 5.7. Seasonal cumulative greenhouse gas (GHG) emissions and global warming potential (GWPi) at each treatment from 2019 to 2023.

Rice-growing season Fallow season Annual
Year Treatment RH CH,4 N,O GWPiotal RH CH,4 N,O GWPiotal RH CH4 N,O GWProtal
Y) (T) (Mg C ha) (kg C ha') (kg N ha') (Mg COz-eq ha'!) (Mg C ha) (kg C ha') (kg N ha™) (Mg COz-eqha’) (Mg C ha') (kg C ha') (kg Nha') (Mg CO2-eq ha'l)
2019 TO 101 a 302 b -1.63 a 417 a 145 a 058 a 005 a 535 a 246 a 308 b -1.58 a 952 a
T2 413 a 41.0 ab 031 a 16.8 a 126 a 057 a 0.17 a 469 a 539 a 41.5 ab 0.48 a 21.5 a
T5 0.57 a 849 ab 007 a 533 a 159 a 102 a 0.16 a 593 a 216 a 86.0 ab 022 a 113 a
2020 TO 121 a 303 b -0.02 a 557 a 145 a 058 a 005 a 535 a 265 a 309 b 003 a 109 a
T2 1.02 a 364 ab -1.55 a 447 a 126 a 057 a 0.17 a 469 a 228 a 370 ab -138 a 917 a
T5 1.56 a 71.1 ab -1.22  a 791 a 159 a 102 a 0.16 a 593 a 315 a 72.1  ab -1.07 a 138 a
2021 TO 062 a 161 a -0.21 a 821 a 191 a -047 a -0.13 a 693 a 253 a 161 a -034 a 151 a
T2 272 a 112 ab -0.21 a 141 a 124 a 033 a 032 a 469 a 396 a 113 ab 0.11 a 188 a
TS5 056 a 139 ab 027 a 745 a 189 a 2.18 a 034 a 7.16 a 246 a 141 ab 060 a 146 a
2022 TO 158 a 68.0 ab -0.14 a 832 a 126 a 1.61 a 006 a 471 a 284 a 69.6  ab -0.08 a 130 a
T2 124 a 503 ab 020 a 6.57 a 112 a 134 a 006 a 417 a 236 a 51.7 ab 026 a 107 a
TS 133 a 64.7 ab 013 a 739 a 120 a 101 a 003 a 446 a 253 a 657 ab 0.16 a 119 a
2023 TO 1.10 a 298 b 005 a 521 a 117 a 0.60 a 023 a 441 a 227 a 304 b 029 a 9.62 a
T2 125 a 58.0 ab 031 a 6.89 a 141 a 003 a 013 a 522 a 266 a 58.0 ab 044 a 121 a
TS 101 a 97.5 ab 026 a 743 a 1.67 a -0.15 a 010 a 6.17 a 268 a 974 ab 036 a 136 a
S-year TO 552 A 320 A -1.94 A 315 A 724 A 290 A 027 A 268 A 128 A 323 A -1.68 A 582 A
T2 104 A 298 A -095 A 489 A 628 A 285 A 085 A 235 A 16.7 A 301 A -0.10 A 723 A
TS 503 A 457 A -0.50 A 355 A 795 A 508 A 078 A 29.7 A 130 A 462 A 028 A 652 A
ANOVA d.f F p F D F D F P F P F p F P F p F p F p F P F P
Y 4 032 0.86 728 <0.001 146 024 0.63 0.64 293 <005 020 094 0.10 098 3.01 <0.05 034 085 727 <0.001 130 029 0.86 050
T 2 205 015 259 0.09 025 078 133 0.28 462 <005 0.13 088 028 076 4.65 <0.05 097 039 2,66 0.09 044 065 068 0.52
Y xT 8 1.08 041 073 0.67 1.03 043 1.02 0.44 1.07 041 0.19 099 023 098 095 0.49 083 059 0.70 0.69 094 050 082 0.9

Note: TO, T2 and T5 are organic rice farming with no inter-tillage weeding, two time of inter-tillage weeding, and five time of inter-tillage weeding without fertilizer and
agricultural chemicals. RH (Heterotrophic respiration) for the rice-growing season in 2019 and 2020 were estimated, while for the fallow season the average value of 2021-
2023 was used. CH4 and N>O emissions for the fallow season in 2019 and 2020 used the average value of 2021-2023.

Value with the same letters is not significantly different in each column (p <0.05).
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Table 5.8. RH (heterotrophic respiration) or CH4 emissions per carbon input from 2019 to 2023.

Rice-growing season

Fallow season

RH CH, RH CH4 RH CH4 RH CH, RH CH,4 RH CH,4
Year Treatments / WeedsC / WeedsC / ResidueC / ResidueC / TotalCinput ~ / / WeedsC / WeedsC / ResidueC / ResidueC  / TotalCinput /
) (T) TotalCinput TotalCinput
(%) (%)

2019 TO 265 b b 157 a 5 b 99 a 3 a 380  efg 0 a 270 b 0 a 157 b 0 a

T2 879 ab 9 b 737 a 7 ab 400 a 4 a 274 bf 0 a 215 b 0 a 120 b 0 a

T5 130 b 20 b 70 a 15 ab 43 a 8 a 376  efg 0 a 262 b 0 a 152 b 0 a

2020 TO 630 ab 16 b 880 a 22 ab 366 a 9 a 757  cd 0 a 1074 a 1 a 443 a 0 a

T2 382 b 14 b 994 a 36 ab 271 a 10 a 468 abed 0 a 1173  a 0 a 328 a 0 a

T5 671 ab 31 ab 855 a 40 a 374 a 17 a 683 de 0 a 894 a 0 a 385 a 0 a

2021 TO 103 b 27 ab 79 a 32 ab 45 a 14 a 314 fg 0 a 361 b 0 a 165 b 0 a

T2 366 b 6 b 362 a 14 ab 182 a 8 a 167 f 0 a 164 b 0 a 83 b 0 a

T5 87 b 22 b 79 a 19 ab 41 a 10 a 293 fg 0 a 270 b 0 a 139 b 0 a

2022 TO 1900 a 82 a 214 a 10 ab 191 a 9 a 1522 a 0 a 167 b 0 a 149 b 0 a

T2 1077 ab 44 ab 163 a 6 b 141 a 6 a 969 d 2 a 146 b 0 a 126 b 0 a

T5 1037 ab 51 ab 227 a 11 ab 186 a 9 a 942 d 1 a 204 b 0 a 167 b 0 a

2023 TO 496 b 13 b 171 a 5 b 127  a 3 a 526  beceg 0 a 178 b 0 a 132 b 0 a

T2 455 b 21 b 197 a 9 ab 136 a 6 a 495 cefg 0 a 231 b 0 a 155 b 0 a

TS 375 b 37 ab 96 a 15 ab 73 a 10 a 634 dg 0 a 194 b 0 a 143 b 0 a

ANOVA d.f F P F )4 F p F P F p F P F )4 F )4 F )4 F P F )4 F P
Y 4 820 <0.001 7.60 <0.001 9.57 <0.001 843 <0.001 3.58 <0.05 239 007 820 <0.001 254 006 588 <0.001 045 077 49.7 <0.001 043 0.79
T 2 094 040 133 028 231  0.12 1.17  0.32 1.16 033 249 0.10 144 <0.001 022 081 037 0.70 0.03 097 4.08 <0.05 0.08 093
Y xT 8 136 0.26 1.02 044 0.74  0.65 1,12 0.38 1.25 0.31 0.67 0.72 4.63 <0.001 028 097 105 042 0.08 1.00 105 042 0.10 1.00

Note: TO, T2 and T5 are organic rice farming with no inter-tillage weeding, two time of inter-tillage weeding, and five time of inter-tillage weeding without fertilizer and agricultural chemicals. RH emissions for the rice-growing

season in 2019 and 2020 were estimated, while for the fallow season the average value of 2021-2023 was used. CH4 emissions for the fallow season in 2019 and 2020 used the average value of 2021-2023. Weeds are the carbon

content of the previous year's weeds and weeds plowed into the soil (T2 and T5 only) by MIW. Residue is the carbon content of the previous year's residues (rice straw, stubble, roots). Total means sum of residue and weed. Value

with the same letters is not significantly different in each column (p <0.05).
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5.3.6. Interactions among environmental factors for RH and CH4 fluxes

In this study, we focused on the rice-growing season including the MIW period to identify
which environmental factors were influenced by MIW and contributed to RH and CH4 fluxes
through correlation analysis. Figure 5.6 presents the Pearson correlation matrix of
environmental factors, while Figure 5.7 illustrates factors with strong correlations (correlation
coefficient > 0.6).

Comparison among the treatments revealed a significant negative correlation between soil
pH and SO4*, with an increasing correlation coefficient as MIW frequency increased (Figures
5.6 and 5.7). Additionally, RH emissions showed a tendency for increased correlation with soil
pH and SO4* (Figures 5.6 and 5.7).

Notably, the relationship between CH4 emissions and environmental factors showed an
increasing number of CHy-related factors with higher disturbance frequencies (Figure 5.7). A
significant positive correlation between CHs emissions and Fe** was observed in all treatments,
with correlation coefficients increasing with MIW frequency (Figures 5.6 and 5.7). Furthermore,
significant positive correlations were found between CH4 and soil temperature, as well as
between soil temperature and Fe**, with increasing correlation coefficients in higher MIW
frequency treatments (Figures 5.6 and 5.7). Also, significant positive correlations was observed
between Fe?* and WEOC in all treatments. A significant negative correlation between CHa
emissions and Eh was observed in all treatments. However, the correlation coefficient was
lower at TS compared to TO and T2 (Figures 5.6 and 5.7). Furthermore, a significant positive

correlation was observed between RH and CH4 emissions at TS5 (Figures 5.6 and 5.7).

5.3.7. GWP, GHGB, GHGI and NECB
GWP during rice-growing and fallow seasons showed no significant differences among the
treatments over five years (Table 5.7). Regarding GWP composition ratio during the rice-

growing season, RH and CHs emissions were the primary contributors. RH emissions
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accounted for 25-113% (average 72%) at TO, 60—85% (average 74%) at T2, -69—83% (average
41%) at T5. CH4 emissions accounted for -7—76% (average 29%) at TO, 16—-40% (average 29%)
at T2, 21-166% (average 60%) at TS. The contribution of N>O emissions was extremely lower.
On the other hand, GWP during the fallow season was significantly affected by both year and
treatments differences (Table 5.7). GWP composition ratio during the fallow season, RH was
the primary contributor, accounting for 97-101% (average 99%) at T0O, 95-99% (average 98%)
at T2, 98-99% (average 99%) at T5. Throughout the year, the GWP was similar across all
treatments; however, RH and CH4 were the major contributors during the rice-growing season,
while RH was the primary factor during the fallow season.

GHGB was positive value for all treatments over five years (Table 5.9). The highest GHGB
values (Mg CO»-eq ha') were observed at T2 (17.0), TS (11.7), T2 (13.1), T5(8.93) and T5
(8.14) in 2019, 2020, 2021, 2022, and 2023, respectively (Table 5.9). Although there were no
significant differences in GHGB among the treatments over five years, T2 had the highest value,
followed by T5 and TO. The contribution of GWPgy to the cumulative GHGB over five years
was greater than that of GWPcy,and GWPy, . There was a significant positive correlation
between GHGB and GWPgy in all treatments (p < 0.05), and a significant positive correlation
with GWPcy,, except for T2 (p < 0.05, Figure 5.8).

There were no significant differences in GHGI among the treatments over five years (Table
5.10). GHGI value (Mg CO,-eq Mg! yield) was highest at T2 (24.4), followed by TO (15.4)
and T5 (13.8), although the differences among the treatments were not statistically significant.

NECB showed negative values across most treatments for all five year (Table 5.11). Over
five years, there were no significant differences in NECB across treatments, but T2 (-10.3 Mg
C ha!) had the lowest, followed by T5 (-7.96) and TO (-5.42). And there was significant

negative correlation between NECB and RH in all treatments (p < 0.001, Figure 5.9).
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Table 5.9. Greenhouse gas balance (GHGB) from 2019 to 2023.

Year Treatments GWPgy GWPcy, GWPy,0 Coutput NPP (Rice+weeds) Cinput GHGB
(Y) (M Mg CO2-eq ha’!
2019 TO 901 4504 a 115 =+0.16 b -066 =*128 a 120 =+1.16 bc 13.0 =*140 cd 344 +042 ab 506 =501 a
T2 198 +158 a 155 +1.09 ab 020 =+0.64 a 133 +476 bc 139 +410 cd 3.84 +039 ab 170 150 a
T5 792 4911 a 321 +240 ab 0.16 +041 a 164 4278 ab 168 +268 bd 398 +095 ab 682 +10.7 a
2020 TO 973 +148 a 115 =+054 b 001 +048 a 7.0 +246 ¢ 105 +£271 bc 120 +0.06 b 627 203 a
T2 834 +078 a 138 4038 ab -0.58 +0.73 a 13.6 +232 bec 162 +282 abd 142 4028 b 507 +132 a
T5 116 4352 a 269 4095 ab -044 +052 a 184 +410 b 190 +405 d 150 +0.15 b 11.7 +361 a
2021 TO 929 176 a 601 4235 a 004 4050 a 671 =+2.13 7.07 +2.07 ¢ 442 4073 a 106 276 a
T2 145 +119 a 420 +1.84 ab 025 =+042 a 7.76 =+2.17 820 +2.02 ac 549 +0.07 a 131 112 a
T5 901 +6.64 a 527 +1.10 ab 023 +042 a 100 +2.86 ac 101 +280 bc 507 +0.58 a 932 +790 a
2022 TO 104 +426 a 260 +1.18 ab -0.03 £0.07 a 140 251 bc 161 £291 abd 338 £134 ab 749 380 a
T2 8.66 +043 a 193 4031 ab 0.1 +0.18 a 166 =074 ab 167 +0.63 bd 327 4032 ab 725 +039 a
T5 929 +0.73 a 245 4237 ab 007 +0.11 a 164 +1.71 ab 166 +1.74 abd 270 +0.64 ab 893 201 a
2023 TO 834 +061 a 114 4012 b 012 +0.02 a 902 =+1.79 ac 146 +394 od 323 4037 ab 0.82 233 a
T2 976 +2.69 a 217 +1.14 ab 0.18 +0.03 a 104 +090 ac 133 +297 cd 3.66 +£1.17 ab 556 4653 a
T5 982 4239 a 3.63 +3.05 ab 0.15 +006 a 114 4278 bc 117 +266 cd 512 +265 a 814 473 a
5 years TO 468 +9.08 A 120 =401 A -051 +213 A 488 +480 B 612 +563 A 157 +208 A 302 +480 A
T2 610 +259 A 112 4334 A 017 +085 A 616 +525 AB 684 +245 A 177 £196 A 480 +£525 A
T5 476 212 A 173 +892 A 0.6 +107 A 725 4916 A 743 +846 A 184 +475 A 449 +9.16 A
ANOVA d.f F P F )4 F p F )4 F p F p F p
Y 4 0.34 0.85 727 <0.001 1.30 0.29 12.1 <0.001 11.1 <0.001 18.7 <0.001 1.09 0.38
T 2 0.97 0.39 2.66 0.09 0.44 0.65 12.8 <0.001 3.28 0.05 1.36 0.27 1.22 0.31
Y xT 8 0.83 0.59 0.70 0.69 0.94 0.50 1.74 0.13 1.81 0.11 0.96 0.48 0.92 0.51

Note: TO, T2 and TS are organic rice farming with no inter-tillage weeding, two time of inter-tillage weeding, and five time of inter-tillage weeding without fertilizer and agricultural

chemicals. Values represent mean + standard deviation and value with the same letters is not significantly different in each column (p < 0.05).
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Table 5.10. Greenhouse gas intensity (GHGI) from 2019 to 2023.

GHGB Yield GHGI

Year (Y) Treatments (T) Mg CO»-eq ha'! Mg ha’! Mg COz-eq Mg™! yield
2019 TO 5.06 +£5.01 a 240 +£030 a 230 +£234 a

T2 17.0 *£15.0 a 227 £1.10 a 12.7 £16.5 a

TS 6.82 +10.7 a 2.82 +0.51 a 2.15 +395 a
2020 TO 6.27 +£2.03 a 1.68 +0.46 a 374 +£0.60 a

T2 5.07 +£1.32 a 3.00 £095 a 1.78 +0.62 a

TS 11.7 +£3.61 a 355 +£1.22 a 340 +0.97 a
2021 TO 10.6 +2.76 a 1.70 +0.44 a 6.44 226 a

T2 13.1 £11.2 a 259 £1.02 a 6.24 =£6.61 a

TS 932 £790 a 322 £1.01 a 295 +2.73 a
2022 TO 749 +£380 a 3.04 =£1.05 a 262 *£1.64 a

T2 725 +£039 a 354 +0.80 a 212 045 a

TS 893 +2.01 a 3.65 +0.08 a 244 049 a
2023 TO 082 +£233 a 3.14 +0.56 a 033 +£0.72 a

T2 556 £6.53 a 331 +£0.22 a 1.64 187 a

TS 8.14 +473 a 325 =£1.22 a 284 210 a
5 years TO 302 +4.80 A 12.0 £228 A 154 +6.54 A

T2 48.0 £525 A 147 £3.52 A 244 +£21.8 A

TS 449 1916 A 16.5 +£3.84 A 13.8 +9.17 A
ANOVA d.f F p F p F p
Y 4 1.09 0.38 2.43 0.07 1.19 0.33
T 2 1.22 0.31 4.68 <0.05 0.81 0.45
Y xT 8 0.92 0.51 0.75 0.65 1.12 0.38

Note: TO, T2 and T5 are organic rice farming with no inter-tillage weeding, two time of inter-tillage weeding, and five time of inter-tillage weeding without
fertilizer and agricultural chemicals. Values represent mean + standard deviation and value with the same letters is not significantly different in each column (p <
0.05).
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Table 5.11. Net ecosystem carbon balance (NECB) from 2019 to 2023.

RH CHy Coutput NPP (Rice+weeds) Cinput NECB
Year (Y) Treatments (T) Mg C ha!
2019 TO 246  +138 a 0.03 +000 b 326 +032 bc 354 +038 cd 094 +0.11 ab -128 +132 a
T2 539 +430 a 0.04 +003 ab 362 +£130 bc 379 +1.12 cd 1.05 =£0.11 ab -421 +412 a
T5 216 4248 a 0.09 +0.06 ab 446 +0.76 ab 459 +0.73 bd 1.09 4026 ab -1.03 4250 a
2020 TO 2.65 +040 a 0.03 +£0.01 b 194 =+0.67 c 287 +£0.74 bc 033 +002 b -142 038 a
T2 2.28 +021 a 0.04 +£0.01 ab 371 +0.63 bc 443 +£0.77 abd 039 +£0.08 b -1.20 +0.08 a
T5 3.15 +096 a 0.07 +£0.03 ab 502 +1.12 b 518 +1.10 d 041 +£0.04 b -2.65 093 a
2021 TO 2.53 +048 a 0.16 +0.06 a 1.83 +0.58 193 +0.56 ¢ 1.21 020 a -1.39 +029 a
T2 396 +£325 a 011 £0.05 ab 2.12 +0.59 ¢ 224 +0.55 ac 1.50 +0.02 a -246 4£3.19 a
T5 246  +181 a 014 £003 ab 273 £0.78 ac 276 =£0.76 bc 138 +0.16 a -1.18 +1.82 a
2022 TO 284 +1.16 a 0.07 £003 ab 381 069 bc 439 £0.79 abd 092 +037 ab -141 +085 a
T2 236 +0.12 a 0.05 =+0.01 ab 452 +020 ab 457 £0.17 bd 0.89 +0.09 ab -147 +0.13 a
T5 2.53 +020 a 0.07 +0.06 ab 447 +047 ab 452 +048 abd 0.74 +£0.17 ab -1.81 +0.03 a
2023 TO 227 4017 a 0.03 #0000 b 246 +049 ac 397 +1.08 cd 088 +0.10 ab 0.09 =+0.61 a
T2 266 +0.73 a 0.06 =+0.03 ab 2.83 +025 a 362 +081 cd 1.00 +032 ab -093 156 a
T5 2.68 +0.65 a 0.10 +0.08 ab 3.10 +0.76 bc 320 +073 cd 140 +072 a -129 +0.58 a
Syears TO 1276 +2.48 A 032 +0.11 A 133 131 B 16.7 153 A 427 £057 A -542 £180 A
T2 16.65 +7.08 A 030 +009 A 168 +143 AB 186 +0.67 A 482 £053 A -103 610 A
T5 1298 +578 A 046 +024 A 198 +250 A 203 231 A 501 +130 A -796 4566 A
ANOVA d.f F p F p F p F p F p F p
Y 4 0.34 0.85 7.27 <0.001 12.1 <0.001 11.1 <0.001 18.7 <0.001 0.89 0.48
T 2 0.97 0.39 2.66 0.09 12.8 <0.001  3.28 0.05 1.36 0.27 1.23 0.31
YxT 8 0.83 0.59 0.70 0.69 1.74 0.13 1.81 0.11 0.96 0.48 0.93 0.51

Note: T TO, T2 and T5 are organic rice farming with no inter-tillage weeding, two time of inter-tillage weeding, and five time of inter-tillage weeding without
fertilizer and agricultural chemicals. Values represent mean =+ standard deviation and value with the same letters is not significantly different in each column (p <

0.05).
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Figure 5.8. Relationship between greenhouse gas balance (GHGB) and GWPrn (a) and
GWPchs (b). Treatments of TO, T2 and T5 are organic rice farming paddy fields without

fertilizers and agrochemicals and 0-, 2-, and 5-times inter-tillage weeding respectively.
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Figure 5.9. Relationship between net ecosystem carbon balance (NECB) and RH emission.
Treatments of TO, T2 and TS5 are organic rice farming paddy fields without fertilizers and

agrochemicals and 0-, 2-, and 5-times inter-tillage weeding, respectively.
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5.4. Discussion

5.4.1. Effect of MIW on GHGB

This study confirmed RH emissions throughout the year in all treatments (Table 5.7). This is
similar to the report by Song et al., (2024), where 30-43% of annual CO»-C emissions came
from the rice-growing season and 57-70% from the fallow season. Contrary to our hypothesis,
cumulative RH emissions did not increase significantly at TS during the rice-growing season,
with T2 showing the largest trend over the five years (Table 5.7). A significant positive
correlation between RH flux and SO4% suggests enhanced emissions under aerobic conditions
(Table 5.6). At T2, larger weeds than T5 were incorporated into the soil at the final MIW
(Figures 5.5 and 5.10). And at T2, RH emissions per weed and residue during the rice-growing
season tended to exceed emissions during the fallow season (Table 5.8). Additionally, RH flux
was highly sensitive to water management practices, showing an increasing trend across all
treatments after mid-season drainage, intermittent drainage, and complete drainage (Figure 5.4).
This trend was consistent with the findings of Nishimura et al. (2015), who reported a sharp
pulse of CO; emissions following drainage. According to the few studies which have quantified
net ecosystem exchange of CO> (NEE) from intermittently flooded paddy fields research in
Japan, China and the Philippines showed significantly greater NEE than continuously flooded
paddy soils, implying higher ecosystem respiration (RE) (Alberto et al., 2014; Liu et al., 2013;
Miyata et al., 2000; Oliver et al., 2019). In our study site, mid-season drainage and intermittent
drainage began approximately two weeks after the final MIW practice. Therefore, the increased
RH emissions observed at T2 may have been triggered by a priming effect induced by weed

incorporation, which was further stimulated by the timing of water management practices.
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Figure 5.10. The appearance of weeds before the last multiple inter-tillage weeding (MIW).
Treatments of TO, T2 and TS5 are organic rice farming paddy fields without fertilizers and

agrochemicals and 0-, 2-, and 5-times inter-tillage weeding, respectively.

Approximately 90% of GHG emissions during the fallow season were attributed to RH
emissions (Table 5.7), indicating that RH emissions significantly contributed to the GHGB
during this season. Cumulative RH emissions during the fallow season were not significantly
different among the treatments, but the effects of year and treatments differences were observed
(Table 5.7). Additionally, RH emissions per weed were significantly affected by year, treatment,
and their interaction. RH emissions per residue were influenced by year, while RH emissions
per total carbon input (weeds and residues) were affected by year and treatment (Table 5.8).
These results suggest that RH emissions were influenced by annual variations in weather
conditions and carbon inputs.

Furthermore, at TS, showed the highest RH emissions during the fallow season. Since weeds
were uniformly returned to the field after harvest, the amount of incorporated weeds during
MIW period may have also influenced RH emissions. These results are consistent with the
observed significant positive correlations between RH emissions and soil temperature, pH, and
SO4+* (Table 5.6), suggesting that aerobic and warm conditions promoted microbial activity and

organic matter decomposition, contributing to increased RH emissions.
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Contrary to our hypothesis, the application of MIW more than four times tended to increase
CHyemissions (Table 5.7). This trend differed from the result reported by many previous studies
on bioturbation and CH4 emissions, in which increased dissolved oxygen concentrations in
paddy field water and soil associated with disturbance, significantly reduced CH4 emissions
(Fang et al., 2019; Ge et al., 2023; Sheng et al., 2018; Xu et al., 2017). CH4 emissions were
promoted under anaerobic conditions, as indicated by the relationship between CH4 flux and
NOs, Fe**, and Eh (Table 5.6). As shown by changes in Eh at TS, soils became aerobic
immediately after MIW but shifted to anaerobic before the next MIW (Figure 5.2a). Oxygen
supplied by MIW was likely used to reoxidize reduced substances, leading to further reduction
and the formation of anaerobic conditions favorable for CH4 production at T5. At TS, CH4
emissions per carbon input from weeds, residues, and total (weeds and residues) during the rice-
growing season tended to be higher than TO and T2 (Table 5.8). It is possible that the redox
potential fluctuations caused by MIW and carbon input produced a positive priming effect of
CHa. This trend is similar to previous studies indicating that in rice fields, oxygen supply
associated by the disturbance of carp leads to the consumption of oxygen in the paddy field,
which decreases Eh and promotes CH4 emissions (Datta et al., 2009; Fang et al., 2019).

The continuation of MIW practice resulted in significant annual variations in CH4 emissions,
with MIW either suppressing or promoting CH4 emissions depending on the year (Table 5.7).
CHg4 emissions per carbon input from weeds and residues were significantly affected by year
variability (Table 5.8), suggesting that the annual variations in cumulative CH4 emissions may
be attributed to differences in the amounts of weeds and residues incorporated into the soil each
year. CH4 emissions are influenced by soil properties and other environmental factors such as
soil pH, soil bulk density, fertilization, and temperature (Chen et al., 2021). Relatively high
temperatures (below 32°C) promote the decomposition of crop residues, generating large
amounts of organic compounds that lead to increased CH4 emissions (Chen et al., 2021). In this

study, there was a significant positive correlation between CHj4 flux and soil temperature across
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all treatments during the rice-growing season (Table 5.6), with CH4 emissions tending to
increase around 25°C. This suggests that CH4 production by methanogens and soil temperature
are closely related to the priming effect of CH4 emissions due to MIW practice. Understanding
these relationships may greatly contribute to reducing CH4 emissions through MIW.

During the fallow season, CH4 emissions were minimal compared to the rice-growing season,
and the CH4 emission per carbon input during the fallow season was significantly lower than
that of RH emissions (Table 5.8). This suggests that most of the carbon input during the fallow
season was mineralized and subsequently emitted as RH. This trend is consistent with that
observed by Song et al. (2024).

The cumulative N2O emissions during both seasons were negligible across all treatments
(Table 5.7). However, the cumulative annual N2O emissions over five years showed an
absorption tendency at TO and T2, while TS5 exhibited an emission tendency. The significant
relationship between N,O flux and Fe?*, and Eh during the rice-growing season at T5 indicated
that N>O emissions were promoted under aerobic conditions (Table 5.6). In soils subjected to
the high-frequency MIW practice at TS, the temporal changes in Eh showed a transition from
aerobic to anaerobic conditions (Figure 5.2a). Since N2O emissions are closely related to
nitrification and denitrification, they are likely affected by soil aeration and the amount of
inorganic nitrogen in the substrate (Fang et al., 2021). As discussed in Section 4.4.4, MIW
disturbances increase N2O concentrations in both soil and paddy field water during the MIW
period, which may enhance N>O emissions. Therefore, although N>O emissions were minimal
in this field, the frequent MIW disturbances at TS could have enhanced N>O production,
increasing the risk of emissions.

GHGB values were positive over five years at all treatments, in these fields functioned as a
source of GHG emissions regardless of MIW (Table 5.9). However, over five years, the
cumulative GHGB values tended to be higher at T2 and T5 compared to TO. A significant

positive correlation between GHGB and GWPry or GWPcy, , suggesting RH and CH4
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emissions are key factors influencing GHGB. At T2, the timing of MIW and water management
may have triggered a positive priming effect on RH emissions during the rice-growing season,
increasing net GHG emissions. At T5, redox potential fluctuations due to high MIW frequency
may have caused a positive priming effect of CHy, resulting in an increase in net GHG emissions.
Therefore, whether MIW is applied twice or five times, it may promote RH or CH4 emissions,

resulting in positive GHGB.

5.4.2. Effects of MIW on rice yield and GHGI

Although there were no significant differences in brown rice yield among the treatments over
five years (Figure 5.3), brown rice yield had a significant positive correlation with the number
of MIW (r = 0.59, p < 0.05). The relationship between the frequency of MIW and yield was
consistent with the previous study by Kasubuchi et al. (2019). This confirms the yield-
increasing effect of MIW in this study as well.

Nitrogen is an essential component for plant growth. Rice absorbs nitrogen in the form of
NH4" through its roots and uses it for growth. According to Zhou et al. (2023), five times MIW
increases the concentration of NH4"-N in the soil or soil solution to some extent, promoting rice
growth and nutrient uptake, and thus contributing to higher yields. In our study, during MIW
period, there was no significant increase in NH4" content at 0-3 cm depth at T2 or T5 compared
to TO (Figure 5.1d). Although no significant differences were observed among the treatments,
MIW tended to increase the soil NH4" contents and chlorophyll content not only in the tiller
stage (late MIW period) but also in the heading stage (Table 5.3). Additionally, there were
significant differences in stems and leaves, grain and total NPP, between TO and T5 (Table 5.4).
While the ripened grains decrease at TS compared to TO and T2, the number of ears and 1000-
grain weight tended to increase (Table 5.5). The decrease in the ripened grains at T5 may be

attributed to the increased number of ears, leading to nutrient competition among the grains and

118



an increase in immature grains. These suggests that MIW had a significant impact on rice
growth.

The average brown rice yields in Hokkaido were 5.71, 5.81, 5.97, 5.91, and 5.82 Mg ha™! in
2019, 2020, 2022, and 2023, respectively (Hokkaido Regional Agricultural Administration
Office). However, the brown rice yield at T5 did not match average of Hokkaido in each year,
which differed from the findings of Kasubuchi et al. (2019). Furthermore, the number of ears
was influenced by year and treatments, ripened grains by year, and 1000-grain weight by their
interaction, suggesting impacts from Hokkaido’s climate and MIW frequency on yield
components (Table 5.5). A previous study was conducted in Yamagata Prefecture, and this
discrepancy may have been due to differences in climate and land conditions between Yamagata
and Hokkaido.

We hypothesized that MIW would reduce the GHGI by increasing yield and reducing GHG
emission. Although there were no significant differences in GHGI among the treatments over
five years (Table 5.10), T2 showed relatively higher GHGI, followed by TO and T5. Given that
MIW increased yield at TS, it is that TO and T2 did not produce sufficient yields to offset GHG
emissions. This result is generally consistent with our hypothesis, as MIW was able to reduce
GHGI by increasing yield. However, since the brown rice yield at T5 tended to be lower than
at average of Hokkaido, improving the MIW practice at TS will require further efforts should

be made to increases in brown rice yields.

5.4.3. Effects of MIW on NECB

As pointed out by Song et al. (2024), assessing SOC changes accurately requires long-term
experiments due to soil heterogeneity and background carbon content. Meanwhile, NECB
analysis can be utilized to estimate carbon balance over a short-term if each carbon input and
output is precisely examined. In this study, we adopted this approach by carefully investigating

each carbon component and estimating short-term carbon balance using NECB analysis.
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Over five years, there were no significant differences in NECB among the treatments, but T2
and T5 showed negative values, indicating carbon loss (Table 5.11). Previous studies on
unfertilized plots reported carbon balances ranging from -1.91 to 2.78 Mg C ha™! (Wu et al.,
2018), whereas this study observed values between -4.21 and 0.09 Mg C ha’!, suggesting a
greater tendency for carbon loss compared to the previous studies. The incorporation of crop
residues has two opposing effects on NECB: it increases soil carbon storage while
simultaneously enhancing RH and CH4 emissions (Naser et al., 2007). The lowest NECB at T2
is likely due to increased RH emissions caused by the timing of MIW and water management,
which enhanced organic matter decomposition. The lower NECB at T5 compared to TO is also
likely due to frequent MIW, which led to fluctuations in soil redox conditions, promoting both
aerobic and anaerobic organic matter decomposition and increasing CH4 emissions.

While an increase in RH emissions was expected due to more frequent MIW at TS5, the results
did not support this. However, the slope of the regression between RH emissions and NECB
was lowest for T5 (-1.01), followed by T2 (-0.981) and TO (-0.955) (Figure 5.9), indicating an
increase of MIW frequency may promote RH emissions and lower NECB. These suggest that
NECB is highly dependent on RH emissions and these results indicate that MIW likely
stimulated microbial respiration, promoting organic matter decomposition and carbon

mineralization, thereby accelerating carbon loss.

5.4.4. Mechanisms of MIW Involvement in RH and CH4 Emissions

Long-term monitoring results suggest that MIW increases RH and CH4 emissions, particularly
during the rice growing season, thereby enhancing the risk of GHG emissions. Additionally, the
risk of carbon loss due to accelerated organic matter decomposition was also indicated.
Organic acids, such as acetate, butyrate, and propionate, which serve as substrates for RH
and CH4 production, have been reported to increase with straw application (Nozoe, 2000).

Figure 5.11 illustrates the decomposition pathways of these organic acids into CO2 and CHa.
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Propionate and butyrate are first decomposed into acetate, which is then converted into CH4 by
methanogens. Hori et al. (1990) reported that sulfate-reducing bacteria (SRB) utilize propionate
and acetate, releasing CO> as a byproduct (Figure 5.11). In this study, a strong negative
correlation between soil pH and SO4> was observed with increasing MIW frequency (Figures
5.6 and 5.7). Additionally, increasing MIW frequency, RH emissions tended to correlate more
with soil pH and SO4> (Figures 5.6 and 5.7). These findings suggest that MIW-induced
disturbance temporarily increased oxygen supply in the soil, promoting sulfur-oxidizing
bacteria activity and leading to SO4*> formation. This SO4>" may have been utilized by SRB,
facilitating the decomposition of propionate and acetate and consequently increasing CO;
emissions (Figure 5.11).

According to Nozoe (2000), when SO4>" is sufficiently available, SRB decompose propionate
and produce acetate, which is subsequently utilized by methanogens. This suggests that
increased oxygen supply via MIW may have promoted SO4> formation, thereby enhancing CHs4
production from acetate. This hypothesis aligns with the observed significant positive
correlation between CHa emissions and SO4>" at T5 (Figures 5.6 and 5.7). The significant
positive correlation between RH and CH4 observed only at TS5 suggests that RH generated
during the decomposition of organic acids may have served as a substrate for CH4 production
(Figures 5.6 and 5.7).

Additionally, Nozoe (2000) reported that butyrate decomposition to acetate via iron reduction
sequentially contributes to CH4 production (Figure 5.11). The positive correlation between CH4
emissions and Fe®’, observed across all treatments, strengthened with increasing MIW
frequency (Figures 5.6 and 5.7). Additionally, Fe*" showed a significant positive correlation
with WEOC in all treatments, suggesting a link between iron reduction and organic carbon
dynamics. Furthermore, significant positive correlations were found between CH4 and soil
temperature, as well as between soil temperature and Fe’*, with increasing correlation

coefficients in higher MIW frequency treatments (Figures 5.6 and 5.7). These results suggest
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that MIW-induced disturbances enhanced iron-reducing bacterial activity under increasing soil
temperature, promoting iron oxide reduction and the associated decomposition of organic acids,
thereby increasing CH4 emissions.

The present analysis indicates that MIW particularly enhances the activity of SRB and iron-
reducing bacteria, contributing to increased RH and CH4 emissions. However, as noted in
Section 5.4.1, RH emissions did not significantly increase at TS, the most frequent disturbance
treatment, while CH4 emissions tended to increase. Notably, the relationship between CHy
emissions and environmental factors showed an increasing number of CHa-related factors with
higher disturbance frequencies (Figure 5.7). MIW significantly influenced redox reactions in
the soil (Figure 5.2a). As indicated by the negative correlation between Eh and all treatments,
however, the correlation coefficient was lower at TS5 compared to TO and T2 (Figures 5.6 and
5.7). These findings suggest that multiple microbial metabolic pathways are involved in CH4
emissions. The oxygen supplied through regular MIW was likely consumed immediately by
microorganisms rather than being used for CH4 oxidation, contributing to the formation of an

anaerobic environment favorable for methanogens.
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Figure 5.11. Relationship between sulfuric acid reduction, iron reduction, methane and carbon dioxide formation over organic acids (Hori et al.

1990 improve)
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5.4.5. Limitation and future research

Although this study employed a comprehensive field monitoring approach over five years,
results may have been influenced by external factors such as climatic conditions and soil
characteristics. Therefore, the results are based on field experiments conducted in Hokkaido,
Japan, and may not be directly applicable to areas with different climatic conditions and soil
characteristics. Additional data collection in the field under different climatic conditions and
soil characteristics is recommended to improve the generalization of these results. In addition,
mesocosm experiments under controlled conditions are suggested to isolate the direct effects of
MIW disturbance; similar measurements at different MIW frequencies could better elucidate
the mechanisms by which MIW affects yield, GHGB, and NECB.

Our results suggest that MIW may influence microbial activity and affect GHGB and NECB.
However, this study did not examine microbial community dynamics or other potential factors;
future research should incorporate microbial community analysis and detailed carbon and
nitrogen monitoring to better understand the mechanisms associated with MIW.

This study indirectly assessed carbon balance based on the difference between carbon inputs
and emissions and did not consider direct SOC changes in the NECB. Therefore, to correctly
assess SOC changes, both indirect SOC assessment, as in this method, and direct SOC

assessment in terms of equivalent soil mass (ESM) should be conducted simultaneously.

5.5. Conclusion

This study was the first in the world to characterize the impact of MIW on GHG emissions,
yields, and carbon balance; MIW was found to increase RH and CH4, the major contributors to
GHG emissions, increasing the risk of GHG emissions. At T2, the second larger weed input,
combined with water management, caused a positive priming effect on RH, leading to increased
RH emissions. At T5, frequent MIW promoted oxygen supply, which in turn increased CH4

emissions by encouraging oxygen consumption under oxygen-deficient conditions and
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facilitating the transition to an anaerobic environment. MIW was particularly associated with
the activity of SRB and iron-reducing bacteria, and increased MIW frequency enhanced their
activity, contributing to higher RH and CH4 emissions. Although MIW resulted in improved
rice growth and yield, yields at T5 were not as high as average yields in Hokkaido, suggesting
room for further improvement. Nevertheless, the increased yields at TS5 were confirmed to lead
to lower GHGI, suggesting that MIW may be a sustainable organic rice farming. Increased RH
emissions are strongly linked to carbon losses, indicating that MIW may increase the risk of

carbon losses by increasing RH emissions.
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6. General Discussion
This study examined the impact of MIW on GHG emissions in rice paddy fields from both
pathway analysis and long-term monitoring perspectives.

In Section 4, we conducted a pathway analysis to elucidate CHs4 and N>O emission pathways
under MIW practice. The results indicated that CHs and N>O emissions were affected
differently by MIW. CHs4 was mainly emitted through the rice-mediated pathway, but the
relatively high CH4 emissions via the diffusion pathway, compared to previous studies, suggest
that dissolved CH4 may have competed between transport into rice roots and diffusion through
floodwater, with a greater proportion being released via the latter. Furthermore, under the T5
(7-day intervals), gaseous CH4 was released through the MIW-mediated pathway, reducing rice-
mediated CH4 emissions. This phenomenon was observed over two years, suggesting that the
form of CHs in the soil significantly affects its emission pathways. Additionally, when
comparing T5 (7-day intervals) and T2 (28-day intervals), CH4 emissions were higher at TS5,
where gas release occurred more frequently, indicating that MIW influences the rate of CH4
production and accumulation. Furthermore, the production of CH4 from organic matter
decomposed by MIW was strongly dependent on temperature, and CH4 emissions tended to
increase not only during the MIW period but also from the end of MIW period to harvest when
soil temperature was high. On the other hand, N2O was mainly emitted through the diffusion of
dissolved N>O. Nitrification and denitrification in paddy field water and soil were enhanced at
T35, increasing the contribution of MIW-mediated N>O emissions to total N>O emissions from
4-5% at T2 to 33-34% at TS. However, since the experimental site was with or without fertilizer
application, the annual N>O emissions during the rice-growing season remained negligible. In
particular, CH4 emissions show a strong temperature dependence in the generation and
accumulation of gaseous CH4 under MIW practices, which may lead to interannual variations.

Therefore, long-term monitoring of CHs4 emissions throughout the cultivation period under

126



MIW practices and identifying the key factors involved in CH4 generation are crucial for
achieving CH4 emission reduction through the MIW farming method.

In Section 5, we evaluated the long-term effects of MIW on GHG emissions, rice yield, and
carbon balance. The results indicated that MIW increased RH and CH4 emissions during the
rice-growing season, potentially raising the risk of enhancing GHG emissions. Additionally,
accelerated organic matter decomposition due to MIW could increase the risk of carbon loss in
the field. Although N>O emissions at TS showed an increasing trend, overall NoO emissions
during the rice-growing season were extremely low compared to RH and CH4 emissions,
suggesting that the study site was not a significant N2O source. An analysis of environmental
factors indicated that MIW particularly affected the activity of SRB and iron-reducing bacteria,
likely contributing significantly to the degradation of organic acids, which serve as substrates
for RH and CH4 emissions. Although MIW improved rice growth and yield, the yield at T5
remained below the average yield in Hokkaido, indicating room for further improvement.
However, the increased yield in TS5 led to a reduction in the GHGI. This indicates that MIW
farming can maintain high productivity while reducing GHG emissions, which means that it
has the potential to be highly environmentally and economically sustainable.

Nevertheless, considering the increased RH and CH4 emissions associated with MIW, the
risk of carbon loss and enhancing GHG emissions, and the fact that yield did not reach
conventional levels, further improvements to the current MIW farming method are necessary.
Photosynthetic bacteria are able to fix more nitrogen into the soil when exposed to sunlight
(Arao et al., 2015). Therefore, by performing inter-tillage weeding, the soil surface becomes
more exposed to sunlight, which promotes nitrogen fixation and increases yields without the
use of pesticides or fertilizers (Zhou et al., 2023). A recent study by Masuda, Chihara, and Senoo
(2024) reported that dominant iron-reducing bacteria in paddy soil mainly contribute to nitrogen
fixation, thereby maintaining soil nitrogen fertility. Moreover, a microcosm experiment with

paddy soil amended with xylan, a major component of rice straw, demonstrated that ferrihydrite
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application activated nitrogen fixation by iron-reducing nitrogen-fixing bacteria
(Geobacteraceae) while simultaneously suppressing CH4 production. Additionally, Nozoe
(2000) suggested that acetate generated from butyrate decomposition may be utilized not only
by methanogens but also by iron-reducing bacteria. Based on these findings, improving the
efficiency of iron oxide utilization could be a potential strategy for CH4 mitigation. This study
suggests that MIW influences the activity of iron-reducing bacteria. Therefore, combining MIW
with iron amendments (e.g., ferrihydrite) may contribute to both yield improvement and CH4
emission reduction. Furthermore, the application of biochar or slag has been reported to
increase soil pH, promoting CO; uptake in paddy fields and facilitating carbon sequestration as
CaCOs (Wang et al., 2019). Additionally, the application of biochar produced at 525-650°C in
paddy fields has been shown to slow mineralization and suppress CO> emissions (Wang et al.,
2019).

As a future strategy, based on the field-scale data from this study and insights from previous
research, it is expected that combining MIW with the application of iron amendments (e.g.,
slag) could enhance rice yield and suppress CH4 emissions, although this approach differs from
organic rice farming. On the other hand, our results suggest that MIW may increase the activity
of iron-reducing bacteria, potentially promoting organic matter decomposition, RH and CH4
emissions. Therefore, this combination may carry risks of soil organic carbon loss and increased
GHG emissions. Hence, it will be essential to carefully consider factors such as the amount of
iron amendments applied, the frequency of MIW, and the type and balance of organic materials
introduced (e.g., biochar produced at high temperature), in order to move toward

environmentally harmonious and sustainable agriculture.
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7. Conclusion

To promote MIW practices as part of sustainable organic rice farming, we conducted a long-
term study on the comprehensive effects of MIW on GHG emission pathways, GHG balance,
carbon balance, and yield.

MIW influenced CH4 and N2O emission pathways by altering gas transport and microbial
processes in paddy soils. CHa emissions via the rice plant pathway decreased under MIW, while
emissions via surface water increased, suggesting that CH4 accumulation and release were
regulated by MIW frequency. NoO emissions were primarily driven by dissolved N>O diffusion,
with higher emissions under frequent MIW due to enhanced nitrification and denitrification.
However, overall N>O emissions remained low in the unfertilized paddy.

At T2, carbon input and water management promoted organic matter decomposition, leading
to increased RH emissions. In contrast, at T5, frequent disturbances caused significant
fluctuations in soil redox potential, accelerating organic matter decomposition and increasing
CH4 emissions. However, the increased yield at TS resulted in a lower GHGI, suggesting that
MIW could enhance yield potential. Additionally, the increase in RH and CH4 emissions during
the rice-growing season indicated that MIW practices might elevate the risk of carbon loss.
Therefore, optimizing water management and persistent organic matter such as biochar
produced at high temperature are necessary to maximize the benefits of MIW.

Furthermore, environmental factor analysis showed that MIW-induced disturbances
facilitated oxygen supply, which activated sulfate-reducing and iron-reducing bacteria involved
in the decomposition of organic acids, key substrates for RH and CH4 emissions. Given the
recent recognition of iron-reducing bacteria for their nitrogen fixation potential and CHga
reduction effects, combining iron oxide addition with MIW disturbances is expected to further

enhance yield and reduce CH4 emissions.
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Summary (Japanese)

1. Introduction

TRUIRFR(CO,), A X V(CHy), HEEB{LZEFRWN0)E EEAREEE A A(GHG)TH 5, KT
RoOBFEBKD CHiHEH DK 22%, NoO HEHD 11% % o, Z OHIBIZEELZFETH 5, —H
T, KHEFRETFFEOKE R AREELZF D, KRB ORI B W CEANSIRO &S FED
123N Tn5b, 72, 44 (OrzasativaL)IZHFRANOOKEEOFRETH b, ALHEIMICHE
RRFESKRBCHMNT 2 B TFRINTV S, Lz - T, IR ZHERF L 22 GHG HEH % |l
WL 7223 b 3~ DR B &S 2 Fift ATRE R Fi{E L DM AR OIE T H 5, KA
Brrh o % 80 O R (MIW) i 1Z, B RIIIC 4 MM Eo HBEREOREL L MEDO T EALE
19 ceT, IR - EREOGEEITTH ) A2 O IETRIKICICHT 2 INEX RO 5 2 &2
Do TW5, I HIC, HRIFREICHE S M o 3 XA IRBIrEE 2 L X% 2RSS 5,
MIW DFFELICHE 5 HIIK S 3~ OREHRAG 12 CHy BEIUE 2 361k U CH, BEH B 2 K0 1< Bl
T BAREMED D 5208, MIW IC X 2INE, GHG HRHE, KRIFITH~OFEIIHL L IChoTnk
Vo ARBFZETIE, MIW 28 GHG HRH, SREITHE, INRICH 2 2282 ML, Fifin]BEZR A HK

HRE~ B ARt 23 i 2 2 L 2 HI & L7z,

2. Material and methods
ACHEE RIS EDIE 7 4 — 1 FRFE R v 2 — DBk NI CRE 217 - 72, 3 RE I 9.2°C,
EREKE L 1146 mm, A HIERFRIZ 1718 REfICH 2, 13X A T3t ic I n, &
id e 22l LR 72 PRIRE O [BIEGIIC 0 [IX(T0), 2 BI/4EX(T2), 5 [BI/AFEX(TS)D 3 ULEE
X&, B3 AR 2 v 2 8T EERCHUEX 2 2 e 3 KIE Tk 72, CF XS OME
DT B 72 O FEHLBRIC I TSI e L 7,

CHy + NoO HEHIRERG IS4 2 MIW O % 3l 3 2 ik 2 F s 2720, 20224 6 H 10 H
225 7H13H,20234 6 H9H25 7H 7 Hich» I <, il 500 - 4 AREEcoditiE & MIW
X PO ERBLTEEFHII L 720 587 7 v 7 AZBEICE W CIERDILEN 7 7 v 7 2 %

i L7z, W@ 7 7 v 7 RERWEE 7y THEEMCTHE L7z A A7 T v 7R, #7797
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A E R T 7 v 7 2% ELFIWTHEI L 7z, MIW I X 2 R O#IE I3, HizichRFL
TEBRE 2 A 72 T % v N = W THIE L 72, % Ofth, BREIIA T & L TR 72 L 0 AR E R,
w5l - o8, M{LEICERL(ER), RUMHE - IATERE CH, - NoO B 2 HIE L 72,

MIW 78 GHG #E « JRFEINL - IWRIC S 2 2 2%+ % 72012, MIW D DE W IC X
ZENO~DFER 2019 4E 5 Ao 5 ERE=42 ) v 27 2 EE L 72, GHG(RHGEE R
W), CHs, N2O)7 7 v 7 A, 0-3cm D HHIL 4 (NOs, NHyt, SO 4 A+ ViR L), 4
A OAEEFEL, S0, ZKINE, Mi—XEENPP)% L), 5cm EOMETKICE (Fe* &
&, EhzlEL %, 5, GHG Hii~oE % GHG I (GHGB), Uz & GHG fki&E®

BifR % GHG HEH 5 (GHGD), REE ~DE % K FRINZ(NECB) % F v CRFfli L 72,

3. Results and discussion

TUHE CHy DIFTEIY, 50D & A4 AREERICHE LY 5 2 CH ), BIFHE CHy D% L 2MLBUR I CHEH

)

INBEFD D o 7z, =iEL T(TS)TiE, MIW RO CHaHEE A REL, 4 48K H 0 o %
—HENCHIHI L 720 —J7C, MIW RO BIEIA O CHy HFHE~D 513 3-8% & /N E Ao 72,
NoO (ZFNTHRFFRE CIFE L, ARG 2 L TREAA~ R T w7z, @#EL N (T5) T, MK
BLUOTIERO NO ERERAET 2HIICH Y, T HIC TS 1B T2 MIW KD NoO HEHE 135
HHH D 30% % H, HERPHERTH S 2 LHARRI N,

2022 DA MIW XI5 THR GHG HEH oA MEm 238152 X 17z, Sl s Hifik S 13
D N0 AR % HET 2 HF 25580 bz 23, # GHG i~ &F 5 13/NE o7z, —77, MIW I
X 2 HIH K DA IZILEGRERS © D CHy FRHE R Z I L 72720 ©72 <, WERIEERLIC X o Ch3gEd

DREAWIE S N, B & Wz ik T CHs AR LR, 4 4 - [IERIETo CH PR E
b L7z, 20 CHHFEE DA, # GHGHFHOK T IcFHFLG Lzt Ex bt

GHGB & TO<T5<T2 DJECHE {, RH B XU CHHFHE L EEARIEOHBEZ R L7z, T2 5L
TS Tk GHG HEHIC R 7 258 % 5. 2 7273, kL LT MIW 1X GHG #FH % (23 2 s & -
72o T2 TRMEFEDOT AR LKEHOMAA DRI X VIO RH JREESHIML 72, %77,
TS CEHMROFMAMESE L Y, BLEICEMNAKE KLHT 2 2 & THRAREAER S L CH,
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HEHEMEI L T/, MIW IS X 2 BEELIZBEEY) oY, & < IChiBBEEITH B X U 8ETTHE %
G S, RH & XU CHy OHE & 72 2 HHEEE D 73l % A L 7= FTRETE A RR S L7z,

MIW [BIE DN X Y INE SIS 2 A2 572, L2 L, TS OUEIFILIHE O FHEEIC
PEfie 37, Sifie e LIS D E DR L - v[RETEDS H 5, GHGI 1, T5<T0<T2 DT <, MIW
I X BHIGHESIE S 72 » D GHG HEH 2K T & ¢ 2 2R L7z,

NECB Tld TO<T5<T2 DJECHRFEHELEIEML 7z, MIW X RH 35 X O CHy FEH & & 3N &
B, RFBBRENMEE 2G2S H 5, £72, NECB & RH IL2UEX CHERADOMHBE %R
L7z, ZOMIFEROME I3 TS<T2<T0 TH Y, MIW D [HIZ3E M X RH BEH % € L, NECB %K

TEE L AREE R R L .

4. Conclusion

MIW (ZHER ™5 CHs HEHHERIREE O 5UE CH IS X 0 #2 GHG HEHIgIMo %R & & 2 6 7
23, FERERITIHIZEAETFG L Cnhh oz, 51T, # GHG HEHH MK L 72 2022 4FE D it <
1, MIW i< X Y [V OBELRE 251 | L CHy DFRLAMEtES 2 2 & T, fiBL, 4 A4, K[io%
FRIIC X 2 CHaHEH 2SS & L 2 AREMED R & Tz, LA L7eAY S, MIW 1X RH 5 X U CH, HEH
M 2, #% GHG HEE oMY 2 7 % & 2 a[fetEnid 2, MIW O [EIESEIE CH, HEHE
DIEML 7= —J7 CINED M B L 72 2 & 25, MIW 23 e GHGUE T ICFF 53 5 AlREME AR &
Nic, T, BEWICHIT 2 RHB LU CH PR EOBEIIC X Y, MIW IZRFBERD Y X7 %15
i, TNHLDOZ b, MIW OZIREERARICH T 720101, KEBOUE CHSRIER
WYL L CONA FROTERA AR EDTRBBELEZ LD, & HIT, MIW I ) BEE G2 RH
° CHy DEVE & 72 2 AHEIE O 53 fif (< BRG- 3 2 IR HER TR 35 X NS R EERE° CH, B 23 1
FFINTL L HETTH OWENISEE R G 2 2 REERR I N T W5 Z b, MIW L FR{LEED

ANZEAGEDES Z LT, IoR2INERME CHHRHHIRS IR T 15,
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