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ARTICLE INFO ABSTRACT

Keywords: Methane (CHy) is one of the dominant greenhouse gases (GHG) that is largely emitted from rice fields and thus,
CH4 emission significantly contributes to global warming. Significant efforts have been made to find out suitable strategies to
Rice type

mitigate CH,4 emission from rice culture. However, the effectiveness of these management practices is often
diverse with negative, no, or positive impacts making it difficult to adopt under a particular condition. The
diversity of rice cultivation in terms of agro-climatic conditions and cultivation practices makes it difficult for
providing specific recommendations. Here, we collected data from a total of 198 studies reporting 1052 ob-
servations. The management practices are categorized into five different management practices i.e., water,
organic and inorganic fertilizer management, crop establishment method, and agronomic practices while major
categories were subdivided into different classes. To test statistically significant differences in the effectiveness
between major management practices, an analysis of variance (ANOVA) was applied. The Gaussian and boot-
strapping model were applied to find out the best estimate of the effectiveness of each practice. In addition,
mechanisms controlling the CH4 emission reductions were synthesized. Next, the adoption potentials of these
practices were assessed based on the existing rice cultivation systems in Bangladesh. Our results showed that
water and organic matter management were the most effective methods irrespective of the growing conditions.
When these technologies are customized to Bangladesh, water management and crop establishment methods
seem most feasible. Among the rice-growing seasons in Bangladesh, there is a larger scope to adopt these
management practices in the Boro season (December to May), while these scopes are minimal in the other two
seasons due to their rain-fed nature of cultivation. Altogether, our study provides fundamental insights on CHy4
reductions strategies from rice fields in Bangladesh.

Rice-growing season
Management practices
Bangladesh

1. Introduction

Methane (CHy4) is one of the most potent greenhouse gases (GHG)
that significantly contribute to global warming. CH4 concentration in
the atmosphere has more than been doubled during the industrial era
while its concentration reached at 1888.5 ppb in March 2021 (Global
Monitoring Laboratory, 2021). The CHy is responsible for 21% of the

Abbreviations: GHG, Greenhouse gas; FYM, Farmyard manure.

total radiative forcing, placing it in the second highest contributor after
CO2 (Myhre et al., 2013). Although CH4 has a relatively short atmo-
spheric life-time (8-12 years), one molecule of CHy traps about 32 times
more heat than a molecule of CO, (Badr et al., 1991). Moreover, it has
significant roles in tropospheric and stratospheric chemistry since it can
change the composition of ozone, water vapor, hydroxyl radical, and
numerous other compounds (Wuebbles and Hayhoe, 2002).
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Rice is one of the most dominant crops in Asian countries and thus,
rice culture is one of the dominant contributors to GHG emissions,
especially through CHy4 emission. In rice farming with standing water (i.
e., under anaerobic conditions) favors CH4 production while its aeren-
chyma system facilitates the transportation of the generated CHy4 to the
atmosphere (Aulakh et al., 2001; Lu et al., 2000; Wassmann and Aulakh,
2000). Over the last century, the expansion of rice production has
significantly been increased while it is predicted that the cultivation
needs to be extended in the future to feed the increasing population
(Ciais et al., 2013; Zhang et al., 2016). Therefore, rice farming has
become a major source of anthropogenic CH4 emission estimating at
11% of the total anthropogenic CH4 emission (Oyediran et al., 1996;
Smartt et al., 2016).

CHy,4 is produced in the rice field through various processes. The most
important process is the microbial breakdown of organic compounds
under strictly anaerobic conditions, which is usually maintained in rice
cultivation (Oremland, 1988). Under anaerobic conditions, methano-
genic bacteria utilize carbon substrates including freshly added organic
matter, and root exudates for their growth and development (Sandin,
2005). The incomplete mineralization of organic matter under anaer-
obic environment produces CH4 through generating a number of inter-
mediate products (i.e., Hy/COo, formate, methanol, methylamines, and
acetate) (Le Mer and Roger, 2001; Yao et al., 1999). However, a large
fraction of the produced CH4 (80%) in rice paddy is oxidized by meth-
anotrophs (obligate aerobes) before escaping it to the atmosphere (Cai
et al., 2016; Frenzel et al., 1992; Kumar et al., 2021). This oxidation
takes place mostly at the aerobic-anaerobic interfaces of oxygenated at
soil surface or oxygenated water layer and in the area around the
oxygen-releasing roots of rice plants (Conrad, 2007). Therefore, CHy
production can significantly be reduced if the rice farming conditions
are optimized.

Methane emission reduction from rice fields has extensively been
studied with multiple management practices including water, inorganic
and organic fertilizer management, adoption of cultivars, etc (details
can be found in the supporting information, SI). For instance, dry or
intermediate irrigation in place of continuous flooded irrigation can
significantly reduce CH4 emission since aerobic conditions promote the
growth of methane-oxidizing microbial communities (known as meth-
anotrophs) in the soil (Wang et al., 1999). In addition, CH4 production
also depends on the status of soil organic matter and its quality (labile vs.
recalcitrant) while the amount and form of organic matter replenish-
ment can affect CH4 emission (Xiong et al., 2007: Zou et al., 2005).
Moreover, the relevant soil management practices (ie., tillage and
fertilization) that control the mineralization of soil organic matter are
also important for the production of CH in rice fields (Allen et al., 2003;
Bhattacharyya et al., 2013). Generally, the application of labile organic
matter (i.e., the fresh straw addition just after rice harvest) can generate
a larger CH4 emission than that of the application of a similar amount of
well-decomposed organic matter (Watanabe and Kimura, 1998). In
addition, nutrient supply, particularly the N, largely affects CH4 emis-
sion with a positive impulse with N addition rates (0-100 kg ha™1) (Sun
et al., 2016) while application of N at higher rates (100-250 kg ha™1)
shown to reduce CH4 emission due to a greater oxidation. This oxidation
is suggested to occur by a relative suppression of methanogens through
changes in the soil C:N ratio and by encouraging the predomination of
denitrifying bacteria (Xie et al., 2010). However, the attributed mech-
anisms for these observed effects are diverse and there are still consid-
erable debates on this issue (Guo et al., 2017; Linquist et al., 2012).
Nevertheless, N application at higher rates (100-250 kg N ha™!) can be
considered as one of the important CH, reduction strategy.

Soil properties (i.e., redox potential and pH) have critical roles in CHy4
formation. It has been determined that methanogenic bacteria in the soil
can continue their function only when the redox potential is below a
certain level of 200 mv (Minami, 1994; Wang et al., 1993). Since soils
vary in buffering soil pH and Eh, therefore, soil type could also affect
CH4 production (Akter et al., 2018). Apart from the aforementioned
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Table 1
Categorization system of strategies of CH4 emission reduction in rice cultivation.

Major Control group Treatment group
management

practices

Water management  Continuous flooding Alternate wetting and drying

Mid-season drainage
Intermittent drainage

Control irrigation

Biochar

Composted straw incorporation

No amendment
Fresh straw
incorporation
Fresh farmyard
manure application

Organic fertilizer
management

Composted FYM application

(FYM)
Straw incorporation Straw incorporation in off-season
shortly before
cultivation

Inorganic fertilizer No N amendment Nitrogen addition at 150-250 kg

management ha™!

Urea application Ammonium sulphate application
Only N application N application with amendment

inputs (silicate slag,
phosphogypsum, coal ash)
Surface application of Urea deep placement (UDP)
urea
Conventional tillage

Crop establishment No-tillage

method Transplanting Direct seeding
Other agronomic Traditional rice variety ~ Rice variety that reduces methane
practices emission

Conventional practice
No application

Symbiosis ecosystem
Herbicide application

aspects, soil environment (i.e., temperature and CO; concentration) has
also been suggested to be associated with CH,4 production (Akter et al.,
2018; Bhattacharyya et al., 2013; Li et al., 2004).

The CH4 reduction potential of different management practices has
been shown to vary (Guo et al., 2017). Water management is believed to
be one of the most effective mitigation options while the application of
recalcitrant or decomposed organic can also reduce the CH4 emission
although the reduction efficiency may be lower than water management
(Liu et al., 2019; Tyagi et al., 2010). Similarly, the potentiality of other
management practices for CH4 emission may also vary suggesting a
critical evaluation of their relative performance. Although several pre-
vious meta-analyses and reviews were published on the CH4 emission
reduction potentials, recent researchers and methods have not been
included (Jiang et al., 2019; Liao et al., 2021) while the application of
simple Gaussian and bootstrapping models could be effective in esti-
mating the reduction potential, particularly when the number of ob-
servations is low (Hesterberg, 2011; Mia et al., 2020).

Rice is the main food crop and covers 80% of cultivable lands in
Bangladesh. Moreover, it is grown under diverse conditions in three
different rice cultivation seasons. Recently, the concentration of CHy4 in
the atmosphere of Bangladesh has been shown to be quite high (Clark
et al., 2021). Rice paddies are believed to be one of the major sources of
CH,4 emissions in Bangladesh. To reduce the CH4 emission from rice
fields in Bangladesh, customized management practices are needed.
However, the number of researches on CHy4 reduction from rice fields in
Bangladesh is low making it difficult to formulate strategic policies for
its reduction. Nevertheless, the results of global studies can be custom-
ized to the rice-growing conditions in Bangladesh. Here, we examined
the mitigation potentials of CH4 emission under different management
practices using a statistical (Gaussian) model and bootstrapping tech-
nique. Further, the adoptability of these management practices in
Bangladesh was evaluated to identify suitable management practices.
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Fig. 1.
2. Methodology
2.1. Data collection

A literature survey of peer-reviewed publications was carried out
using Web of Science, Scopus, and Google Scholar. The literature search
was restricted to peer-reviewed articles that were published before July
2021. While searching, keywords used for the initial searching included
CH4 reduction and management practices, ie., alternate wetting and
drying, intermittent drainage, mid-season drainage, control irrigation,
straw management, amendment input, compost, farmyard manure
(FYM), nitrogen fertilizer input, no-tillage, biochar, herbicide applica-
tion, symbiosis ecosystem, direct seeding, and rice variety. In total, we
found 198 studies reporting 1052 observations. The data were catego-
rized into five different management practices such as water, organic,
and inorganic fertilizer management, crop establishment method, and
different agronomic practices (Table 1 and supporting information, SI).
Data on individual management practices were also separated. The
fraction of CH4 reduction with a specific management practice was
calculated relative to their control treatment (Table 1).

2.2. Gaussian model

A Gaussian model to the literature data was fitted on the fraction of
CH4 reduction using SigmaPlot (Sigma Plot 11.0) to determine the mean
CH4 emission reduction and its associated error margin (Mia et al.,
2020). The Gaussian equation is given as follows:

.

1 (ostew

T

¥ Eq.1
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where x is the observation, and the p and ¢ are the mean and standard

100

20 40 60 100

Percent of emission reduced (%)

80

Estimation of mean CHy4 emission reduction using Guassian model fitting to literature data.

deviation of the population.

An example of the model fitting is presented in Fig. 1 while all other
fitted data can be found in the supporting information (Figs. S5, S6, S7,
and S8). When the number of observations was low and data did not
meet the assumption (i.e., normal distribution) of Gaussian model
fitting, we followed bootstrapping method to estimate the mean and
associated error margin (details can be found in SI) (Hesterberg, 2011).
Moreover, we compared our model fitting with analysis of variance
(ANOVA) that provided reasonable estimates (Fig. S9).

2.3. Statistical analysis

One-way ANOVA was used to examine the statistically significant
difference in the effectiveness between major management practices
while Tukey’s HSD test (a = 5%) was applied to separate the means.

2.4. Adaptability analysis

An index-based assessment was applied to analyze the adoptability of
different CH4 emission reduction technologies, i.e.,
Adoptability index = )" (Technology availability, soil and land type

suitability, climatic suitability, and farmers  ability to use a techonology)

For this assessment, a total of 100-point adoptability score was
applied whereas a 25% score was used for each of the criteria. The
method of assessment can be found in SI (S4).

2.5. Description of rice cultivation in Bangladesh

In Bangladesh, rice is grown in three possible rice growing seasons
namely Aus, Aman, and Boro (Siddique et al., 2016) while different rice
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rice crop calendar of Bangladesh
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Fig. 2. Rice growing seasons in Bangladesh with their agro-climatic conditions.

varieties, i.e., local, high yielding variety (HYV), and hybrid are culti-
vated. Different rice cultivars are adapted to different rice ecosystems.
The rice grown in different ecosystems are discussed below-

2.5.1. Aus rice

Aus is the pre-monsoon upland rice-growing season where rice is
usually cultivated under rainfed conditions. The temperature of this
rice-growing season is high (Fig. 2) and rainfall is sporadic. Aus rice is
cultivated following broadcasting (direct seeding) and transplanting
techniques. Usually, local cultivars are broadcasted between February
and March after the pre-monsoon shower and harvested between June
and July in high land to medium high lands while HYV is transplanted in
the high land to lowlands in April and harvested in June and July
(Shelley et al., 2016). However, the coverage of Aus rice is only ~9%
(1.2 million ha) (BBS, 2020a). Of the total Aus cultivation area, modern
varieties cover 89% and local varieties occupy 11%. The production of
rice grown in Aus season is about 3.7 million MT which is ~7.5% of total
production. The share of modern varieties and local varieties is 94% and
6%, respectively.

2.5.2. Aman rice

The monsoon-season rainfed rice is known as Aman, which is the
most dominant rice in terms of coverage. Aman rice is grown between
June to December when most of the growing period remains flooded
although at the late growing period the rice fields may get dried (Uddin
et al., 2019) (Fig. 2). Similar to Aus, both local and modern Aman va-
rieties are mostly cultivated following transplanting technique although
local Aman is grown following broadcasting technique at a limited scale.
However, the coverage of modern varieties (HYV and hybrid) is large
with more than 80% of Aman growing area while total coverage is 5.5
million ha and production is about 14.2 million MT (BBS, 2020b).

2.5.3. Boro season

Boro rice is cultivated in a range of lands from low-lying waterlogged
lands to high lands between December and June. In the Boro season, low
temperature prevails at the early stage while the temperature increases
with time reaching the maximum at the end of the season (Fig. 2)

(Mosleh and Hassan, 2014; Sarker et al., 2017). Rice cultivation in the
Boro season is quite diverse since local landraces, HYV, and hybrid are
all cultivated in this season. Generally, local landraces are usually
cultivated in low-lying lands where floodwater accumulates during the
rainy season and remains waterlogged until the end of the rice-growing
season. On the other hand, the HYV and hybrid varieties are grown in
medium highland to very lowland with irrigation (BBS, 2019). The total
coverage of Boro rice is 4.7 million ha and production is about 19.6
million MT (BBS, 2020c). In contrast to Aman, the coverage of HYV and
hybrid varieties is 79% and 20%, respectively of total Boro cultivation
area. The average yield of HYV and hybrid is relatively estimating at
3.98 and 4.40 t ha™!, respectively (BBS, 2020b).

3. Results and discussion

3.1. Methane emission from rice fields-mechanisms and management
practices

3.1.1. Methane production and emission

CH,4 is produced in the rice field through various processes. The most
important process is the microbial breakdown of organic compounds
under anaerobic conditions, which is usually maintained in rice fields
(Oremland, 1988). In anaerobic conditions, methanogenic bacteria uti-
lize carbon substrates and produce CHy4 following the equations shown
below. A number of intermediate products (e.g., Hy/CO,, formate,
methanol, methylamines, acetate) is also produced during these
biochemical conversions (Le Mer and Roger, 2001; Yao et al., 1999).

COy is reduced by Hj to CH4

CO,+ 4H,; — CH4 + 2H,0

Or CH4 can be emitted through the reduction of acetate
CH3COO™ + H" - CO, + CHy

And a summary could be written as:

2 (CH;0) — CO; + CHy
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Fig. 3. Methane production, oxidation and emission pathways from rice fields (synthesized following Holzapfel-Pschorn and Seiler (1986)).

When the rice field is converted from anaerobic to aerobic condi-
tions, these methanogenic bacteria can survive. These organisms start to
multiply when the field is re-flooded (Fetzer et al., 1993; Fukui and
Takii, 1990).

CH4 is emitted from rice paddies to the atmosphere via three path-
ways ie., ebullition, diffusion, and plant mediated transport (Fig. 3)
(Holzapfel-Pschorn et al., 1986; Schiitz et al., 1989). Among the three

pathways of CH4 emission from rice field, plant-mediated transport is
the primary mechanism for CH4 transport from soil to the atmosphere
and contribute around 90% of total CH4 emission (Akinbile et al., 2012;
Khosa et al., 2010). CHy ebullition (gas transport via gas bubbles) occurs
only during the early growth stages of rice accounting for ~10% of the

total emission (Rajkishore et al., 2015; Sandin, 2005). The diffusion of
CH,4 from a rice field in the atmosphere is relatively small estimating

only up to 2%.

3.2. Estimation of reduction potentials of CH4 emission

3.2.1. Reduction potentials of CH4 emission for different water
management practices

Different water management practices were compared to the
continuous flooding treatment (control). Our estimate showed that
water management practices reduced area scaled CH4 emission on
average by 46.53% (Table 2). Among the four water management
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Table 2

Journal of Environmental Management 310 (2022) 114755

Estimated CH,4 emission reduction potentials of different management practices (data used from 198 publications).

Management Sub-category Number of % of emission % of yield-scale Mechanisms involved
practices observations reduction (SD) emission reduction
Area- Yield (SD)
scaled scaled
Water management Alternate wetting and drying 71 51 52.59 (23.22) 55.19 (21.43) —Creates oxic condition into the rice soil
Mid-season drainage 147 98 38.54 (21.00) 43.50 (19.13) —Suppressed the activities of
Intermittent drainage 22 7 43.47 (16.66) 45.80 (1.90) methanogenesis
Controlled irrigation 79 48 51.52 (22.70) 52.30 (20.79) —Facilitates O, diffusion into the soil
—Increase soil redox potential (Eh)
Overall 319 204 46.53 (20.90)* 49.20 (15.81)*
Inorganic fertilizer N application with amendment inputs 93 49 14.89 (9.58) 26.27 (12.54) —Increases aeration and stabilization of
management (silicate slag, phosphogypsum, coal ash soil C
etc.) —Improves soil Eh
—Higher content of active iron oxides
—Increases sulphate and nitrate ionic
compound
Nitrogen addition at 100-250 kg ha™! 210 152 38.04 (2.31) 41.01 (19.67) —Enhances methanotroph activity and
population
Urea deep placement 18 10 25.53 (11.74) 36.06 (12.25) —Stimulates CHy4 oxidation by soil
methanotrophs
Ammonium sulphate application 17 12 44.00 (20.81) 48.99 (16.83) —Enhances the competition for substrate
between methanogens and sulphate
reducing bacteria
Overall 338 223 30.61 (11.11)* 38.07 (13.23)*
Crop establishment No-tillage 79 47 38.69 (3.56) 41.76 (24.38) —Increases bulk density of topsoil
method —Prolongs CH, diffusion
—Increases CH,4 oxidation
Direct seeding 129 97 49.88 (28.40) 53.92 (23.08) —Creates aerobic conditions
—Reduces diffusion of CHy4 gas
Overall 208 144 44.29 (15.98)* 47.84 (23.73)
Organic fertilizer Biochar 31 21 39.76 (32.95) 32.58 (15.40) —Improves soil aeration with its porous
management structure
—Bulffer soil redox potential
—Changes in the soil N cycle
—Increase ammonia-oxidizing archaea and
bacteria
—Decrease soil dissolved organic carbon
Composted straw incorporation 13 6 46.50 (11.16) 41.15 (11.06) —Converts the organic substrates into a
Composted FYM application 15 14 48.48 (4.47) 56.59 (5.79) humus-like material
Straw incorporation in off-season 11 11 44.14 (7.48) 47.91 (2.67) —Ensures aerobic decomposition of organic
substrate
Overall 70 52 44.72 (14.01)* 49.08 (6.59)*
Other agronomic Herbicide application 20 10 30.95 (4.87) 33.87 (5.56) —Increase the soil redox potential
practices —Reduces methanogens population
Symbiosis ecosystem 15 7 32.13 (6.96) 36.78 (3.90) —Accelerates O, diffusion to soil
—Increases aerobic organisms
—Increases soil redox potential
Rice variety that reduces methane 72 47 43.11 (28.55) 43.33 (23.25) —Increases O, diffusion with larger root
emission surface
—Provies greater yield potential
—Matures early
Overall 107 64 35.40 (13.46)* 37.99 (10.94)*

Different letters indicate significant differences at the 5% level of probability.

practices, alternate wetting and drying were the most efficient (a
52.59% reduction) practice in reducing area-scaled CH4 emission
(Table 2). Controlled irrigation was also almost equally efficient in CH4
emission reduction (51.52%) while the estimated reduction for inter-
mittent drainage and mid-season drainage practices were 43.47% and
38.54%, respectively. The overall yield-scaled CH4 reduction was esti-
mated at 55.19%, a ~9% more reduction than area-scaled CH4 emission
while similar trends were followed for all subclasses of water manage-
ment practices. These reductions were primarily attributed to the crea-
tion of aerobic conditions in the rice field through facilitating oxygen
(0Oy) diffusion from the atmosphere into the soil. An improvement in
aeration could increase soil reduction potential (Eh), and shift the soil
microbial community from methanogen to methanotrophs with conse-
quences for CH4 reduction (Fig. S1). Although different water manage-
ment practices can increase in aeration into soil and thus, effectively
reduce CH4 emission, it could increase CO5 and N5O emission substan-
tially (Islam et al., 2020; Liu et al., 2019). Therefore, the trades-off

between CH4 reduction and CO5 and N2O emission should carefully be
considered for estimating and adopting any water management strate-
gies since the net emission factor of a management practice may not be
carbon negative. In our study, we did not consider these trades-off be-
tween emissions of CH4 and other GHGs.

3.2.2. Reduction potentials of CH4 emission for different fertilizer
management practices

The type, rate, and mode of fertilizer application in rice can signifi-
cantly affect CH4 emission. Across all studies, organic matter manage-
ment substantially reduce area- and yield-scaled CH4 emission by ~45%
and 49%, respectively than control treatments. Composted FYM reduced
area-scaled CH4 emission by 48.48% than the fresh application of FYM
while this reduction was 46.50% and 44.14%, respectively when straw
was incorporated after composting and in the off-season instead of its
application in rice growing season (Table 2). A similar trend was
observed in yield-scaled CH4 emission. However, the yield-scaled CHy
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Table 3

Suitability analysis of CH4 emission reduction practices for rice cultivation in Boro season in Bangladesh.
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Major management Current practices (Based on

Practice can be adopted

Adaptability score

Remarks”

practices IPCC, 2019 CH4 emission for rice type
inventories)
Local HYV &
Hybrid
In-season water Flooded irrigation Alternate wetting and drying - 60 —Can be adopted in HL to MLL area
management —79% area under HYV Boro Mid-season drainage - 56
cultivation Intermittent irrigation - 54
—20% area under hybrid Boro Control irrigation - 54
cultivation
Pre-season water Flooded Scopes are minimal - —Can be adopted to only high lands
management Short drainage <180 d Scopes are minimal -
Organic fertilizer Straw incorporation Composted straw incorporation 54 68 —Can be adopted in all cultivated areas
management —Local-Average 2.06% straw left ~ Straw incorporation in off-season 45 45 —Can be adopted in all cultivated areas
in per ha Biochar - 54 —Can be applied only to rice grown in HL to MLL
—HYV and Hybrid-Average
1.70% left in per ha
Application of compost and FYM  Composted FYM application - 66 —Can be applied only to rice grown in HL to MLL
—average 2.5 t ha™! applied
Inorganic fertilizer Application of urea in the split Nitrogen addition at 150-250 kg 52 54 —All cultivated area
management —Usually, urea is applied in 3 ha™!
(three) splits. Average 87 kg ha-1 Urea deep placement (UDP) 42 63 —Can be applied only to rice grown in HL to MLL
in every split. Ammonium sulphate application - 58 —May depend on the availability and be applied only in
the alkaline soils
N application with amendment - 33 —Can be applied only to rice grown in HL to MLL
inputs (silicate slag,
phosphogypsum, coal ash)
Crop establishment  Tillage practices Non-puddled strip transplantation - 51 —Can be applied to a small fraction of lands provided
method —99% of land in HYV and hybrid technological intervention. The use of a mechanical
Boro transplanter will quickly promote this technology
Transplanting Direct seeding in dry & wet soil - 52 —Can be adopted in a larger fraction of lands provided
associated technologies are available for better crop
establishment and weed control.
Other agronomic —Traditional land-races rice Cultivation of short duration and 46 41 —Modern varieties can be adopted while CH4 mitigating
practices varieties high-yielding rice varieties cultivars are not available yet
—Modern rice varieties Herbicide application 55 55 —Can be applied to HL to MLL area
Symbiosis ecosystem 60 - —MLL to VLL can be adopted

 Land classification based on the depth of flooding during monsoon; H-High lands (above flood level), MHL-Medium high lands (flooding depth 0-90 c¢m), MLL-
Medium low lands (flooding depth 90-180 cm), LL-Low lands (flooding depth 180-270 cm), and VLL-Very low lands (flooding depth >290 cm).

emission was lower with biochar application compared to area-scaled
emission. These changes in CH4 emission after organic managements
have mainly occurred due to the application of a non-labile form of
organic matter (composted FYM and straw) and supply of organic matter
(i.e., straw) when soils are not anaerobic to form CH4 (Nakajima et al.,
2016). However, biochar application might have improved soil aeration
by carrying air in its large pores while biochar could buffer soil redox
potential, change microbial community and nutrient dynamics (Zhang
et al., 2012).

Average across all studies, management of inorganic fertilizer
reduced area and yield-scale CH4 emission by 30.61% and 38.07%,
respectively (Table 2). The area-scaled reduction was 44% when
ammonium sulphate was applied instead of urea while application of N
at an optimum rate (100-250 kg ha™1) reduced it by 38.04% compared
to no N amendment. Sulphate has been shown to reduce CH4 emission
by suppressing the methanogenesis and contributing to anaerobic CHy4
oxidation. This mainly happen due to the change of soil redox potential
(Eh), pH, and possible toxicity to the CH4 producing bacteria. Nitrogen
application low rates promotes CH4 emission (Fig. S2) while N appli-
cation at higher rates (100-250 kg N ha™') diminishes it. Although,
there are debates on the possible mechanism, NH,;" concentration in the
soil solution shown to stimulate CH,4 oxidation in a range of conditions
(Linquist et al., 2012). Moreover, the deep placement of N reduced
area-scaled CH4 emission by 25.53% compared to the surface applica-
tion. When N is placed into the soil, it has been shown to stimulate CHy4
oxidation by soil methanotrophs (Liu et al., 2020) (Fig. S1). Compared to
N application alone, N application with amendment inputs decreased
CH,4 emission by 14.89%. The lower CH4 emission from the amended
paddy soil was due to an improvement in aeration, stabilization of soil C,

and soil redox potential. Moreover, electron acceptors cites are
increased since amendment inputs often carry active iron oxides, sul-
phate and nitrate ionic compounds (Wang et al., 2016; Yao et al., 2013).

3.2.3. Reduction potentials of CH4 emission for different crop establishment
methods

The results showed that direct seeded practices significantly
decreased the area-scaled CH4 emission by 49.88% while these practices
reduced yield-scale emission by 53.92% (Table 2) compared to the
conventional transplanting technique. In contrast, no-tillage reduced
area-scale and yield-scale CH4 emission by 38.69% and 41.76%
respectively compared to conventional tillage. The reduction in CHy
emission by no-tillage/minimum tillage was attributed to the shifting of
methanogenesis to the methanotrophic process, reducing the diffusion
of CH4 from soils to the atmosphere (Cheng-Fang et al., 2012; Sapkota
et al., 2015). In contrast, the direct dry seeding method may reduce the
activity of CH4-producing bacteria since rice is grown under aerobic
conditions (Gupta et al., 2016).

3.2.4. Reduction potentials of CH4 emission for different agronomic
practices

Average across all studies, growing of HYV rice varieties reduced
both area and yield-scaled CH4 emission by 43%. This may be attributed
to an enhanced O diffusion through prolific growth of rice plants (Jiang
et al., 2017). Compared to rice only culture, the symbiosis ecosystem
such as combined rice-ducks/fish culture reduced CH4 emission by
~32%, possibly because of accelerated air exchange between the soil
and the atmosphere. Compared to without application, herbicide
application (e.g., Butachlor) reduced CH4 emission by ~30% by
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Table 4
Suitability analysis of CH4 emission reduction strategies for Aus rice cultivation in Bangladesh.
Major management Current practices (Based on IPCC, 2019 CH4 Practice can be adopted Adaptability Remarks”
practices emission inventories) score
Local HYV &
Hybrid
In-season water Regular Rainfed Scopes are minimal - -
management
Pre-season water Flooded Scopes are minimal - -
management Long drainage >180 d Scopes are minimal - -
Organic fertilizer Straw incorporation Composted straw incorporation 59 59 —Canbe
management —Local-1.44% straw left in the field adopted
—HYV-0.76% left in the field to HL to
MLL
Straw incorporation in off-season 45 45  —Canbe
adopted
to HL to
MLL
Biochar 38 38 —Canbe
adopted
to HL to
MLL
—Application of compost and FYM Composted FYM application 59 59 —Can be
—average 2.5 t ha ! applied adopted
to HL to
MLL
Inorganic fertilizer Application of urea in split Nitrogen addition at 150-250 kg ha™* 61 59 All
management —Applied urea in 3 (three) splits. Average 44 kg cultivated
ha~! in every split area
Urea deep placement - 55 —Can be
adopted to
HL to MLL
N application with amendment inputs (silicate slag, 54 54 —Can be
phosphogypsum, coal ash) adopted to
HL to MLL
Crop establishment —Tillage practices Non-puddled strip transplantation 65 65 —Can be
method adopted to
HL to MLL
—Transplanting Direct seeding on dry & wet soil 63 57 —Can be
adopted to
HL to MLL
Other agronomic practices  —Traditional land-races rice varieties Cultivation of short duration and high-yielding rice - 41 Modern
—Modern rice varieties varieties varieties
- - - can be
adopted
while CHy4
mitigating
cultivars
are not
available
yet.
-Hand/mechanical weeding Herbicide application - 62 Can be
applied to
HL to MHL

 Land classification based on depth of flooding during monsoon; H-High lands (above flood level), MHL-Medium high lands (flooding depth 0-90 cm), MLL-Medium
low lands (flooding depth 90-180 c¢m), LL-Low lands (flooding depth 180-270 c¢m), and VLL-Very low lands (flooding depth >290 cm).

inhibiting the growth of methanogens (Jiang et al., 2015).

3.3. Possible CH4 emission strategies for Bangladesh

In Bangladesh, rice is cultivated in three different seasons under
diverse conditions, and therefore, the adoption of CH4 emission reduc-
tion technologies could also vary (detail can be found in SI). The possible
methods are discussed below-

3.3.1. Boro season

Based on the suitability analysis of different management options,
only a few management practices can be applied to local rice, grown in
the Boro season (Table 3). For instance, pre-and in-season water man-
agement practices can hardly be possible to use since the local rice is
mainly grown as deep-water rice in low and very low lands where the
land remains flooded from June to December (i.e., pre and growing

period of the rice). For similar reasons, no other crop establishment
methods except transplanting (single or double) are possible to adopt for
this rice cultivation. However, symbiotic techniques (e.g., rice-fish cul-
ture, rice-fish-duck culture) can be adopted to reduce CH4 emissions
from these wetlands (suitability score 60). In contrast to local rice, most
of the CH,4 emission strategies can potentially be adapted to high yield
variety (HYV) and hybrid since these rice is usually grown in high lands
to medium high lands where flood water recedes before planting of these
rice cultivars. For instance, management strategies including pre and in-
season water management (such as alternate wetting and drying, mid-
season drying, etc.), fertilizer management (organic and inorganic),
and conservation tillage and crop establishment methods (e.g., direct
seeding/direct dry seeding) can be adopted (Rahman et al., 2008).
Among the management strategies, alternate wetting and drying, com-
posted organic matter amendment (straw, and FYM), urea deep place-
ment and application of ammonium sulphate seems most feasible
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Table 5

Suitability analysis of CH4 emission reduction strategies for Aman rice in Bangladesh.
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Major management
practices

Current practices (Based on IPCC,
2019 CH,4 emission inventories)

Practice can be adopted

Adaptability score

Remarks

Local HYV &
Hybrid
In-season water Regular rainfed Scopes are minimal - -
management
Pre-season water Flooded Scopes are minimal - -
management
Organic fertilizer Straw incorporation Composted straw incorporation 59 61 —All cultivated area
management —Local-1.32% straw left in the field  Straw incorporation in off-season 38 40 —Can be used in HL to MHL
—HYV-0.69% left in the field Biochar 45 45 —All cultivated area
Application of compost and FYM Composted FYM application 54 63 —Can be used in HL to MHL
—average 2.5 t ha™! applied
Inorganic fertilizer Application of urea in split Nitrogen addition at 150-250 kg ha™! 59 59 —All cultivated area
management —Applied urea in 3 (three) splits. Urea deep placement (UDP) 45 45 —Can be applied to MHL to MLL
Average 57 kg ha"! in every split. Ammonium sulphate application 54 54 —Can be applied to MHL to MLL
N application with amendment inputs 33 33 —Can be applied to MHL to MLL
(silicate slag, phosphogypsum, coal ash)
Crop establishment Tillage practices Scopes are minimal - -
method Transplanting Scopes are minimal - -
Other agronomic —Traditional land-races rice Cultivation of short duration and high- - 41 —Modern varieties can be adopted while
practices varieties yielding rice varieties CH4 mitigating cultivars are not available
—Modern rice varieties yet
Herbicide application 62 59 —Can be applied to HL to MHL
Conventional practices Symbiosis ecosystem 57 57 —MLL area can be adopted

Land classification based on depth of flooding during monsoon; H-High lands (above flood level), MHL-Medium high lands (flooding depth 0-90 cm), MLL-Medium low

lands (flooding depth 90-180 cm), LL-Low lands (flooding depth 180-270 cm), and VLL-Very low lands (flooding depth >290 cm).

technologies to adopt during Boro season since they got higher scores in
our suitability analysis. For instance, composted straw incorporation
received the highest score (68 out of 100) (Table 3). Altogether, it seems
that the adoptability of any CH4 reduction strategies largely depends on
the land type since major management strategies including water
management, crop establishment method, and fertilizer management
have limited scope to use if the land remains flooded.

3.3.2. Aus and Aman season

In Aus and Aman season, there is little scope to reduce CH4 emission
through adopting water management strategies since these rice are
grown as rain-fed while crop establishment method and fertilizer man-
agement could potentially be applied (Tables 4 and 5). In Aus season,
direct drying seeding can be one of the important means to crop
establishment since this rice is grown during the dry period of the year
(March-June) (suitability score 63). In contrast, Aman rice is grown
during monsoon, therefore, the scope of replacing transplanting with
direct seeding is minimal. Because the land remains flooded. However,
organic matter management after composting can be applied to both of
the seasons equally while nitrogen fertilizer management (e.g., urea
deep placement) can be adopted provided technologies are available at a
reasonable cost (Ali et al., 2008, 2012). Moreover, symbiotic techniques
(rice-fish/duck culture) can be applied in the medium high land to low
lands in both of the seasons with more feasibility during the Aman
season. Although there has been significant progress in modern rice
cultivars adoption (more than 99% in Boro season, 81% in Aman season,
and 88% in Aus season), there are still some scopes to increase coverage
of modern varieties that could potentially reduce yield normalized CHy4
emission (BBS, 2020a, b, c).

4. Limitation of the study and future research directions

Although this study synthesized a large data pool for generalizing the
effects, it would be more useful if it was possible to assess each of the
management strategies in relation to diverse rice-growing zones of
Bangladesh. However, we tried to synthesize the suitability of a few
potential technologies (S5). Moreover, research is needed to examine
the suitability of proposed methods under the conditions of Bangladesh
before advocating their large-scale adoption.

5. Conclusions

CHy is one of the most potent greenhouse gases that is emitted from
rice fields. Hundreds of studies are conducted for identifying suitable
technologies to mitigate CH4 emission. Our synthesis of literature data
showed that water management, organic matter management, and
reduced tillage practice are the most effective methods for CH,4 emission
reduction. When these technologies are customized to the situation of
Bangladesh, water management and crop establishment methods seem
most feasible. Altogether, our study provides fundamental insights into
global CH4 reductions strategies with their customization to the context
of Bangladesh.
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