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Abstract: Rice (Oryza sativa L.) is cultivated as a major crop in most Asian countries and its
production is expected to increase to meet the demands of a growing population. This is expected to
increase greenhouse gas (GHG) emissions from paddy rice ecosystems, unless mitigation measures
are in place. It is therefore important to assess GHG mitigation potential whilst maintaining
yield. Using the process-based ecosystem model DayCent, a spatial analysis was carried out
in a rice harvested area in Bangladesh for the period 1996 to 2015, considering the impacts on
soil organic carbon (SOC) sequestration, GHG emissions and yield under various mitigation
options. An integrated management (IM, a best management practice) considering reduced water,
tillage with residue management, reduced mineral nitrogen fertilizer and manure, led to a net
offset by, on average, −2.43 t carbon dioxide equivalent (CO2-eq.) ha−1 year−1 (GHG removal)
and a reduction in yield-scaled emissions intensity by −0.55 to −0.65 t CO2-eq. t−1 yield. Under
integrated management, it is possible to increase SOC stocks on average by 1.7% per year in rice
paddies in Bangladesh, which is nearly 4 times the rate of change targeted by the “4 per mille”
initiative arising from the Paris Climate Agreement.
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1. Introduction

The increase in atmospheric concentrations of greenhouse gases (GHG) is an issue of global
concern. Agricultural activities release three major GHGs: carbon dioxide (CO2), methane (CH4)
and nitrous oxide (N2O) [1]. Agricultural land, occupying 37% of the earth’s surface, contributes 13.5%
of anthropogenic GHG emissions, including more than 60% of N2O (nitrous oxide) and 50% CH4

(methane) emissions [2]. Among all agricultural activities, wetland rice (Oryza sativa L.) production
is a major contributor to the global budget of GHG emissions, comprising 55% of global agricultural
GHG emissions, of which 90% are emitted from Asia [3].

Greenhouse gas emissions from agriculture could be mitigated by C sequestration in soils,
or reducing non-CO2 GHG emissions. Increasing SOC stocks is not only beneficial for mitigating
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climate change but also important for improving soil quality and crop growth [4,5]. It is estimated
that close to 90% of the agricultural sector’s total mitigation potential could be derived from SOC
sequestration, with about 10% from reduction of non-CO2 GHGs [2]. Rice management offers
substantial mitigation potential [6], which has been studied recently in Asia, including India [7,8]
and China [1,9]. Under modified rice management practices, C could be sequestered in soils of
rice growing countries such as India and China at a rate of about 8–16 Teragram (Tg) carbon (C)
year−1 and 8–500 Tg C year−1, respectively [10,11]. An outcome of the Paris Climate Agreement
was the 4 per mille initiative, which is a voluntary initiative aiming to increase global SOC stocks
by 0.4% per year, both for climate change mitigation and to contribute to food security [12,13].
A preliminary analysis in 20 regions [13] suggests that there is scope to increase SOC stock by
“4 per mille” (0.4%/year) or even more under best management practices in many areas. Bangladesh
was not included in the review but as a one of the prominent rice-producing countries in the world,
it is crucial to assess the feasibility of the 4 per mille initiative in Bangladesh [12,13]. However,
to assess climate change mitigation, considering only SOC sequestration might not provide an effective
guideline [14]. Because management practices affect more than one gas, by more than one mechanism
and sometimes in opposite ways, the net climate benefits depend on the combined effects of all
gases [1,15].

Being located in the subtropical zone with a humid tropical monsoon climate, Bangladesh grows
a variety of crops but rice dominates [15]. As an agriculture driven country, around 15% of gross
domestic product is obtained from this sector [16] and Bangladesh is responsible for 7% of global
rice production [17]. Annually, around 34 million tonnes (Mt) of rice are produced in Bangladesh,
covering over 75% of the total land surface [18]. The land use is mainly double cropping (i.e., crops are
grown twice a year on the same land), which covered around 50% of net cropped area, followed by
single cropped and triple cropped lands (i.e., crops are grown three times a year on the same land),
at about 28% and 22% of the area, respectively. The irrigated rice-fallow-rainfed rice system is one of
the dominant cropping systems in Bangladesh [19]. Irrigated (dry season) rice in the winter—known
locally as boro—occupies around 4.8 Mha and rainfed (wet season) rice in the summer—known locally
as aman—occupies 5.6 Mha of total harvested area [18]. Due to the greater productivity of irrigated
rice production, the irrigated area under rice cultivation has expanded and now occupies 60% of the
irrigated area. Methane emissions from rice have increased by 19% over the last 20 years, from 21 Tg
CO2-eq. in 1996 to 25 Tg CO2-eq. in 2014 [17].

In Bangladesh, more emphasis has been placed on adaptation than mitigation in climate change
policy. In terms of its Nationally Determined Contribution to the Paris Agreement, Bangladesh
plans to develop a “business as usual” scenario and to harness mitigation potential from different
non-agricultural sectors including power, transport and industry, which collectively will reduce GHG
emissions unconditionally by 5% of the total emissions from business as usual level by 2030, based on
existing resources. Conditionally, GHG emissions could be reduced by 15% through international
support such as finance, investment, technology development and transfer and capacity building
from developed countries compared to the business as usual scenario [20–22]. Resources are being
invested in sectors other than agriculture, due to the lack of specific information available to assess the
business as usual conditions in agriculture, although there is potential to reduce GHG emissions from
agriculture in a cost-effective way [20,23]. Recently Bangladesh has pledged to reduce emissions from
different activities, including rice cultivation, as part of the global agreement at COP 22 in Marrakech
2016, to meet mitigation commitments and food security goals [24].

Bangladesh has limited development of emissions factors that are more specific to national
circumstances, which increases uncertainties and makes it more difficult to assess and develop
mitigation targets with high levels of confidence. In Bangladesh, appropriate mitigation estimates
from paddy rice are yet to be undertaken. To derive spatially distributed information about the
mitigation potential and possible interactions with other variables, biogeochemical agroecosystem
models are useful tools to estimate changes in SOC, yield and GHG emissions for different mitigation
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options. Recently, CH4 emissions were predicted under mineral and organic N amended conditions in
double rice based cropping systems in Bangladesh using the semi-empirical model CH4MOD2.5 [25].
A large number of factors influence regional and inter-annual variability in CH4 flux [8] and while
empirical models are simple, they may not adequately capture GHG emission dynamics due to this
complexity [26]. Therefore, more complex process-based models are useful supplementary tools
for studying SOC sequestration, CH4 and N2O emissions and mitigation potential under different
agricultural management practices.

For this study, we selected the DayCent ecosystem model [27] because it can be readily applied to
different land uses, including grasslands [27], croplands [28,29], forests [30] and savannas [31]. It has
been tested in the global simulation of rice growth [32]. Furthermore, the latest version has recently
been applied to 350 rice-based datasets in China [4]. The model was parameterised with a portion of
the sites and independently evaluated with other sites [4]. The results from China provide confidence
that the model produces reasonable results for estimating SOC changes in paddy rice systems [4].
GHG mitigation potentials were also determined in Chinese rice cropland using this model [4,33].
The DayCent model has also been tested by the US government and is used for estimating GHG
emissions in their national inventory for reporting to the UN Framework Convention on Climate
Change [34]. Soil organic carbon changes, GHG emissions and yield under different management has
also been tested by DayCent in Bangladeshi rice experimental sites [35,36]. The present study aimed to
determine the mitigation potential for SOC sequestration, considering the impacts on CH4 and N2O
emissions, from double rice cropping systems in Bangladesh on a spatial basis. The outcome of the
study provides tier 3 GHG emission inventory estimates at a national scale for double rice cropping
systems in Bangladesh and provides recommendations on options to reduce GHG emissions while
maintaining yield.

2. Materials and Methods

2.1. Model Description

We used the most recent version of the DayCent biogeochemical model (DayCent Rice
version) [27], developed for paddy rice [33]. DayCent is the daily time-step version of the CENTURY
model [27]. The processes are simulated daily and include net primary productivity (radiation use
efficiency) and heterotrophic respiration, the biogeochemical processes of C, N, phosphorus and
sulphur cycling, phenology and soil water dynamics. In the version used in this study, DayCent
was extended to simulate anaerobic conditions as well as aerobic, which is relevant for flooded crop
systems such as rice fields [33,37]. Methane production is based on C substrate supply derived
from decomposition of SOM and root rhizodeposition [33]. Soil texture, soil pH, redox potential,
soil temperature, climate and agricultural management impact methanogenesis and thereby CH4

formation [33]. DayCent does not simulate diffusion of CH4 through the surface water to the
atmosphere because it is considered a minor pathway for CH4 emissions [33]. However, the model does
simulate transfer through plants and ebullition, which occurs when the soil CH4 concentration exceeds
a critical state that leads to formation of bubbles [33,37]. The trace gas sub-model of DayCent simulates
soil N2O and NOx emissions from nitrification and denitrification processes. Daily denitrification
rates are estimated for each soil layer based on nitrate (NO3

−) concentration, heterotrophic respiration
(as a proxy for labile C availability), water content, texture and temperature [38]. Detailed information
about model is described in greater detail elsewhere [33,37,38].

2.2. Input Data for Upscaling by DayCent

Simulations were carried out for total 64 districts of Bangladesh. The district level was selected
as geographic unit for the analysis because most of the information available in maps and datasets
were at the district level. The necessary input data required to run the model were generated from
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a Geographic Information System (GIS) that was prepared by the Bangladesh Agricultural Research
Council [39] and the Soil Resource Development Institute [40].

2.2.1. Weather Data

Daily historical climate data including rainfall, daily maximum and minimum temperature were
provided by the Bangladesh Meteorological Department [41]. The data set provides information for
35 stations for the period from 1975–2015. If weather data were unavailable for a specific district/year,
data from the closest neighbouring weather station was used, with preference to those located in
a similar division (a division constitutes several districts together). Regional climatic differences are
minor, with average winter temperature ranges from 7.2 ◦C to 12.8 ◦C, with January as the coldest
month and 23.9 ◦C to 31.1 ◦C during summer with highs in April-May [15,42]. Average rainfall is
reported to be 187 cm and varies from 170–550 cm, with 80% of the total rainfall occurring during
June-October [15,42]. There is lower rainfall in the north-western part, while the north-eastern part
receives higher rainfall (Haq and Shoaib, 2013) [15].

2.2.2. Land Use and Agronomic Properties

We selected a fixed land use system for all districts: irrigated rice-fallow-rainfed rice, which is
the dominant rice cropping rotation in Bangladesh [19]. The date and method of sowing, harvesting
and irrigation were based on long-term double rice experimental datasets [35,43,44]. Fertilizer was
applied assuming current farmer practice at a rate of 110 kg N ha−1 year−1 for irrigated rice and
80 kg N ha−1 year−1 for rainfed rice and applied as mineral N fertilizer [43,45,46]. Fertilizer was
applied in three splits as suggested by previous literature [45]. The average yield for both rice seasons
for the year 2015–2016 was collected from statistical yearbooks [18] to compare with modelled yield
for both cropping seasons.

2.2.3. Other Soil Physical Properties

Soil pH and soil texture data were obtained from the GIS soils map for Bangladesh (BARC,
2018) [39]. For each district, the dominant soil type was used in the simulation. The model input
data for soil water characteristics, including field capacity, wilting point and saturated hydraulic
conductivity, were estimated from texture using the algorithm developed by Saxton and Rawls [47],
as stated by previous literature [29].

2.2.4. Soil Bulk Density and Initial SOC Data

Due to a lack of available bulk density (BD) values for each district, BD was estimated using the
method of Manrique and Jones [48] for SOC values as described in Souza et al. [49]. The calculated
estimates for BD are in the range from 1.12–1.42 g cm−3, which are within the values reported by Haq
and Shoaib [15] of between 1.1 and 1.6 g cm−3. For calculation of the SOC stock (t ha−1), we used the
SOM map available for the year 1998 [40]. This map was categorised into 5 classes: very low (<1%),
low (1–2%), medium (2–3%), high (3–4%) and very high (>5%). These values account for the SOM
content in the top 15 cm of the soil. The initial SOC stock (in t ha−1) was estimated using the equation
of Nayak et al. [1], multiplying measured %SOM by 0.58, depth (in cm) and BD (in g cm−3), which
was used in a study of Chinese croplands including 50 studies of rice ecosystems.

2.3. Model Evaluation

The DayCent model has been tested in two long-term (more than 20 years) Bangladeshi rice
experimental sites. A highly significant relationship (p < 0.05) with no systematic bias was attained
between modelled and measured SOC changes [35]. A highly significant positive relationship
(p < 0.001) between modelled and measured yields was observed under different management
practices [35]. DayCent also captured the differences in variation for CH4 emissions from the four
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irrigated rice treatments under different N fertilization regimes [36]. The model performance for N2O
emissions, evaluated only for one experimental site, did not show a close agreement between modelled
and measured N2O flux; however, there was no systematic bias in the modelled results, just large
uncertainties due to a lack of precision in the model predictions.

2.4. Upscaling SOC Simulations

We ran the model for 20 years from 1996–2015, using initial SOM data published in 1998 and
we assumed no significant soil C change between 1996 and 1998. The simulated DayCent values,
which are estimated for 20 cm, were adjusted to 15 cm depth by dividing DayCent outputs by 1.33,
assuming an equal distribution of simulated SOC between 15 cm and 20 cm depth. The soil depth was
constant at 1.5 m and all soil properties were kept constant for all 12 soil layers. Three different spin
up approaches were tested based on SOC ranges with low, medium and high initial SOC content from
each category. The variability of these SOC ranges show a negligible (<5%) impact on changes in SOC
content. As a consequence, we simplified the run using the medium SOC content for each SOC category
(e.g., very low, low, medium, high and very high), assuming no great influence on determining SOC
changes and emission reductions under various combinations of management practices to that of
current management—which is the subject of interest in this study.

To establish a baseline SOC level, DayCent was initialized for SOC pool distributions using
historical runs, which consider native vegetation and cultivation history [4,29,50]. The spin up
involved grass with low intensity grazing for 500–1600 years followed by arable cropping with
manure fertilization equivalent to 80 kg N ha−1 year−1 for 200–300 years, until SOC reaches an
equilibrium. Average historical land use information was obtained from different sources ([51] and
site manager’s knowledge)

2.5. Baseline and Mitigation Management

Baseline input data, along with other relevant information to run the model, are presented in
Table 1 for simulating 1996 to 2015. We simulated the baseline and mitigation strategies for 1996 to
2015 for all districts to evaluate the potential for GHG mitigation

Table 1. Baseline information as input data for simulations in Bangladesh double rice-based cropland.

Input Values Information

Baseline year 1996
Cropping systems Irrigated rice-fallow-rainfed rice

Sowing/harvesting (months) 1 January–May/July–November
Crop duration (days) 120-0-120
N (kg ha−1 year−1) 1 110/80
Water management Continuous flood (CF)

Residue 5%

Tillage system Conventional, applying tractor plough after saturated soil
(5–6 cm standing water) called puddle to make the soil soft

1 for irrigated rice and rainfed rice respectively.

Four alternative management practices were considered for mitigation including:

1. Water management: Alternate wetting and drying (AWD).
2. Residue and tillage management: 15% residue return coupled with reduced tillage (Rsd_RT).

For RT, no puddling was done but soils were saturated overnight for softening of the soil prior to
transplanting. Transplantation was done with less disturbance (low intensity tillage) to the top
soil in place of traditional ploughing. In case of RT, soils were saturated overnight for softening,
4–6 cm wide and 5–6 cm deep tilled zones were prepared (that preserved about 75–80% of
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untilled soil) by 2 wheel tractor mounted Versatile Multi Crop Planter (VMP) with a row spacing
of 20 cm [52].

3. Manure management: substitution of baseline mineral N with a cow dung equivalent to
approximately 14 t ha−1 manure. Cow dung expressed in this paper as CD or simply as manure,
composition is 1.33% N with C/N ratio 31.50 [53].

4. Integrated management (IM): Combination of AWD in Boro rice, Rsd_RT, CD with 40% less N,
coupled with 15% less mineral N fertilizer compared to the current rate.

For the two cropping seasons, the mitigation practices were implemented for the irrigated rice
season, based on information found in the literature [43,44]. Manure was applied before transplanting
irrigated rice to the field and the AWD management was applied.

Management in the baseline was constant from 1996 to 2015, while for the alternative scenarios,
one management practice was modified relative to the baseline conditions and a number of practices
were changed for the integrated management scenario. The equation for GHG emission and emission
intensity was estimated using the approach of [4]. For quantification of the mitigation potential,
annual SOC changes were calculated as the difference between the final SOC for the mitigation
scenario and the final SOC for the baseline scenario, divided by the number of years in the projection.
Mean GHG emissions (CH4 and N2O) between 1996 and 2015 were calculated for mitigation and
baseline management. The net GHG balances were (t CO2-eq. ha−1 year−1) estimated using global
warming potential (GWP) (CO2-eq.) over a 100-year time span [53] with the following equation.

GHG = (25 ×[CH4]) + (298 ×[N2O] + (−3.667 × ∆SOC)) (1)

where GHG is the net balance in t CO2 eq. ha−1 year−1 and ∆SOC is the SOC change in t CO2-eq.
ha−1 year−1. The final SOC value in a particular mitigation management scenario was deducted from
baseline management and then divided by time (here 20 years). The GWP for CH4 and N2O are 25 and
298 over a 100-year time span [54]. Positive values represent increased net GHG balances or decreases
in SOC sequestration (removal of CO2), negative values represent an increase in SOC sequestration
or a decrease in GHG emissions. Net GHG balances were obtained by deducting emissions under
mitigation management from those under baseline GHG emissions using the following equation and
expressed in t CO2 eq. ha−1 year−1.

∆GHG = (GHGMiti − GHGBL) (2)

where ∆GHG is the change of emissions associated with different management options. GHGMiti is
the value for emissions under the mitigation scenario and GHGBL is the values for baseline emissions.
Negative values suggest an alternative scenario could mitigate GHG emissions; positive values indicate
that they increase GHG emissions relative to the baseline. GHG emission intensity values were also
calculated so that the combined impact of management change on both yield and GHG emissions
could be evaluated using the following equation.

GHGI = GHG/yield (3)

where GHGI is the GHG emission intensity (t CO2 eq. t−1 yield), GHG is the net GHG balance
(t CO2 eq. ha−1 year−1) and yield denotes simulated crop production (t ha−1 year−1). The changes
in GHGI under different mitigation options compared to those under the baseline were calculated to
determine net mitigation potential of the selected mitigation measures using the following equation.

∆GHGI = (GHGIMiti − GHGIBL) (4)

where GHGIMiti and GHGIBL denote GHG emission intensities under mitigation and baseline
management, respectively.
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For the extrapolation of results to a district, the modelled output, for example, annualized
SOC stock changes, N2O and net GHG balances, was multiplied by total rice area harvested for
irrigated and rainfed rice, respectively (the area covered with Sundarbans and reserved forest has been
excluded) [18]. Based on the findings of Khan and Saleh [25], CH4 emissions for irrigated rice seasons
were approximately 3 times greater to that of rainfed rice season. Therefore, on extrapolation, 75% of
total emissions simulated by the model was multiplied separately by the irrigated rice harvested area
and 25% with rainfed rice harvested area. The results of CH4 emissions for individual cropping season
was then summed to get total CH4 emissions from respective districts.

3. Results

Among the selected management, AWD has negligible impact on SOC increase therefore,
the contribution of net balances due to increase SOC was minimal (Figure 1a). AWD management
contribute to reduced overall balances, approximately −0.90 t CO2-eq. ha−1 year−1, by reducing CH4

emissions (up to 20% to those under baseline management) (Figure 1b). Changing water management
only in the irrigated rice had a negligible impact on overall N2O emissions (±5%) (Figure 1c).
SOC sequestration under the management of Rsd_RT, averaged −0.67 t CO2-eq. ha−1 year−1,
which is nearly 10% higher than SOC under baseline management. Net balances associated
with this management led to a change in net GHG emissions of −1.09 t CO2-eq. ha−1 year−1.
On average, CH4 emissions increased slightly by 3% with improved Rsd_RT but its contribution
to net GHG balance was small. Nitrous oxide emissions with Rsd_RT decreased on average by
−0.20 t CO2-eq. ha−1 year−1, which is about a 10% reduction of GHG emissions relative to the
baseline. Among the selected scenarios, SOC changes were the greatest under manure application (CD).
Although the SOC stocks varied slightly by region (−4.97 to −5.93 t CO2-eq. ha−1 year−1) (removal of
CO2), the net GHG balance was found to be between 0.14 to −4.14 t CO2-eq. ha−1 year−1, with most
values clustered between >−1.5 and <−2.5 t CO2-eq. ha−1 year−1, under this management. In contrast
to AWD management, Application of CD to rice fields increased CH4 emissions up to 60% compared
to baseline conditions, ranging from 2.45 to 6.19 t CO2-eq. ha−1 year−1. N2O emissions decreased up
to 60% with CD management, which is in the range between −0.68 and −1.41 t CO2-eq. ha−1 year−1,
with an average of −1.07 t CO2-eq. ha−1 year−1. This led to an overall decrease in net GHG emissions
for the CD scenario (Figure 1c). Integrated management increased SOC stocks by 34%, ranging
between −1.27 and −1.73 t CO2-eq. ha−1 year−1, with an average of −1.59 t CO2-eq. ha−1 year−1.
Overall, net GHG balances under IM were observed to be −1.77 to −3.20 t CO2-eq. ha−1 year−1

with an average of −2.43 t CO2-eq. ha−1 year−1. Practising IM decreased CH4 emissions by 4%.
Nitrous oxide emissions were reduced up to 30% under IM, which contributes to net GHG balances
ranging from −0.81 to –0.26 t CO2-eq. ha−1 year−1, with an average of −0.53 t CO2-eq. ha−1 year−1.
Overall decreases in net GHG balance under IM were attained by increasing SOC sequestration
and decreasing CH4 and N2O emissions. The overall net GHG balances were reduced with all four
alternative management scenarios, except for one region under the management associated with
manure application.

Although net balances were negative, the use of manure in place of mineral N fertilizer reduced
yield by more than half (Figure 2a). In contrast, yield under water and residue management remained
stable, with a reduction of net GHG balance. On average, a slight crop yield reduction was observed
(<3%) during the first growing seasons under IM. The yield-scaled emission intensity decreases for
both growing seasons under this integrated approach (Figure 2b).

Overall, the variation in SOC sequestration rate under IM across the entire country
ranges from −1.37 to −1.73 t CO2-eq. ha−1 year−1. Relatively lower SOC increases (up to
−1.5 t CO2-eq. ha−1 year−1) were observed in northern and south-western parts of Bangladesh as
presented in Figure 3a. However, there was more than an 85% increase in SOC content, estimated to be
greater than −1.5 t CO2-eq. ha−1 year−1 in other regions. Methane emission reductions were lower in
south-western districts compared to other parts of the country (Figure 3b), whereas the opposite trend
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was observed for N2O emissions (Figure 3c). Overall, net GHG emissions were reduced under IM by
over −2 t CO2-eq. ha−1 year−1, except in one district located in northern sites—Jamalpur—and three
districts located in the south and central regions—Patuakhali, Cox’s bazar and Narsingdi (Figure 3c).

Figure 1. Simulated net greenhouse gas (GHG) balances (t CO2-eq. ha−1 year−1) related to changes
from the baseline management in (a) soil organic carbon (SOC) stock (carbon dioxide, CO2 removal),
(b) methane (CH4) and (c) nitrous oxide (N2O) emissions (all are in t CO2-eq. ha−1 year−1)
for 64 districts in Bangladesh. Each point represents the change in one district (n = 64). AWD: Alternate
wet and drying, Rsd_RT: 15% residue removal with reduced tillage, CD: Cow dung, IM: Integrated
management practices. Note that the scale of both x and y axes differ.

Figure 2. Simulated net greenhouse gas (GHG) balances with (a) yield in two crop growing seasons and
(b) GHG emission intensity under different management activity in Bangladeshi double rice cropland
soil. Each point represents the change in one district (n = 64). Y_IR: Yield for irrigated rice, Y_RR_Yield
for rainfed rice. AWD: Alternate wet and drying, Rsd_RT: 15% residue removal with reduced tillage,
CD: cow dung, IM: Integrated management practices.

On the basis of total SOC changes estimated for each district, relatively higher
(>−0.6 Tg CO2-eq. year−1) SOC sequestration rates were estimated in central (Mymensingh) and
northern districts (Bogra, Dinajpur), while relatively lower SOC changes (−0.05 Tg CO2-eq. year−1)
were observed in the south (Rangamati, Bandarban) of Bangladesh (Figure 4a). Similar
trends were found for net GHG balance for each district (Figure 4b). Net GHG balances of
about −0.8 Tg CO2-eq. year−1 were estimated for northern and central regions compared to
−0.05 Tg CO2-eq. year−1 in the south.

Total change in SOC stocks, N2O and CH4 emissions and overall GHG balances for all mitigation
options (in CO2-eq. year−1) are summarized in Figure 5. For the whole rice area, it is projected
that around −16 Tg CO2-eq. year−1 could be sequestered in soils under IM. AWD and IM practices
tend to reduce CH4 emissions by nearly −4 Tg and −2 Tg (CO2-eq. year−1), which is 12% and
6% less than baseline emissions, respectively. Adoption of IM reduced N2O emissions by nearly
−5 Tg CO2-eq. year−1, which is 28% lower than emissions under current baseline conditions. Overall,
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a net reduction of GHG emissions was estimated for all four selected mitigation options. These were
greatest for CD (−29 Tg CO2-eq. year−1) and IM (−24 Tg CO2-eq. year−1). Based on the simulations,
on average, around 40 Mt rice is produced under current management from both rice growing seasons
which is close to the reported values for the year 2015–2016 of 35 Mt [18]. Rice production for the
selected mitigation options was about the same as the baseline, except under CD management, which
reduced rice production by 20% (not presented).

Figure 3. District map of Bangladesh showing values of (a) annual soil organic carbon (SOC) stock
changes (Carbon dioxide, CO2 removal), (b) annual average change in methane (CH4) emissions,
(c) annual average change in nitrous oxide N2O emissions and (d) annual net greenhouse (GHG)
balances under integrated management (IM) for the period of 1996–2015. IM practices include
a combination of AWD, Rsd_RT, cow dung with 40% less N, coupled with 15% less mineral N fertilizer
compared to the current rate. AWD: Alternate wet and drying, Rsd_RT: 15% residue removal with
reduced tillage. CD: cow dung. The unit are t CO2-eq. ha−1 year−1.
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Figure 4. Map of Bangladesh showing (a) annual soil organic carbon (SOC) stock changes (Tg carbon
dioxide CO2-eq. year−1) and (b) average net greenhouse gas (GHG) balances (Tg CO2-eq. year−1)
from total rice harvested area under integrated management practices (IM) for the period 1996–2015.
Unit and legend for Figure 4b is similar to Figure 4a.

Figure 5. Annual balances (Tg carbon dioxide, CO2-eq. year−1) considering soil organic carbon
(SOC) stock changes (represented as a CO2 removal), methane and nitrous oxide emissions under the
four selected mitigation scenarios in the harvested rice area of Bangladesh. Negative values indicate
an increase in SOC sequestration or a decrease in net greenhouse gas (GHG) emissions; positive
values indicate a decrease in SOC sequestration or an increase in net GHG emissions. AWD: Alternate
wet and drying, Rsd_RT: 15% residue removal with reduced tillage, CD: Cow dung, IM: Integrated
management practices.

4. Discussion

Our analysis suggests there is potential to reduce net GHG emissions in double rice
cropping systems in Bangladesh by increasing SOC or reducing non CO2 GHGs by modifying
current agricultural practices. SOC sequestration can be increased by organic amendments,
for example, residue return, manure amendments, or in combination. Non-CO2 GHG mitigation
is possible through improved water and manure management. Without increasing SOC,
a meta-analysis in Chinese rice-based cropland GHG emissions could be reduced by approximately
1 t CO2-eq. ha−1 year−1 under reduced water management [1] and this result is consistent with our
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findings (0.90 t CO2 eq. ha-1 year−1). However, our results suggest lower N2O emission reductions
with AWD estimated at 0.01 t CO2 eq. ha−1 year−1, compared to 0.8 t CO2 eq. ha−1 year−1 of N2O
emissions reductions reported for Chinese rice cropland [1]. Irrigated rice fields have N2O emissions
approximately 36% higher than emissions under CF conditions in DayCent simulations [36]. In this
study, by observing N2O emissions separately for both growing seasons, simulated N2O emissions
under irrigated rice, where AWD was applied only for this season, increased by 40% compared to CF
conditions (not shown) but no change (or a reduction of 10%) was observed during the second cropping
season. Therefore, compared to baseline, the impact of AWD management on N2O emissions was lower
when calculated as the total emissions for both growing seasons. Mitigation associated with residue
return and reduced tillage management increased CH4 emissions but this effect was offset by increasing
SOC and reduced N2O emissions. The simulated increase in SOC of −0.67 t CO2-eq. ha−1 year−1 is
in agreement with the IPCC suggested value of −0.70 t CO2-eq. ha−1 year−1 for croplands in the
warm moist climatic region [6]. In Chinese rice soils, application of rice straw increased overall
GHG emissions whereas reduced tillage led to reduced GHG emissions (−2 CO2-eq. ha−1 year−1)
by increasing SOC and reducing N2O emissions [1].

Based on our modelled outcomes for manure management, climate change mitigation appears
to be driven by SOC sequestration, consistent with previous studies [2,13]. Manure application
tends to increase SOC and CH4 emissions but reduces N2O emissions, which is in line with the
meta-analysis of [1] but the overall reduction in net GHG emissions in our simulations contrasts to
increasing net GHGs found in other experimental and modelling studies [1,6,55]. The greater SOC
sequestration with manure application suggested by our study is around 5 times greater than the
estimate provided for Chinese rice systems [1] and is the underlying reason for a net reduction in
GHG emissions. The amount, type and C/N ratio of manure has a large impact on SOC dynamics and
GHG emissions [1,53]. For our study, approximately 14 t ha−1 of manure was equivalent to mineral N
application for the baseline management. Prolonged submergence due to double rice cultivation may
also contribute to increases in SOC, by reducing the decomposition rate of SOM [56].

Similar results were obtained for IM for Bangladesh as the Chinese study of rice-based
cropland (−0.19 to −1.70 t CO2-eq. ha−1 year−1) [4] and from the meta-analysis of Chinese studies
(−0.21 to −1.42 t CO2-eq. ha−1 year−1) [1]. The mitigation potential in our study is a higher because
improved water management was applied in only one season. The mitigation potential in our
study is a little higher because the overall changes of N2O emissions for two rice growing seasons
under improved water management was minimal compared to baseline emissions. Under IM
management, our results suggest a reduction in both N2O and CH4 emissions (CH4 emissions reduced
−0.31 t CO2-eq. ha−1 year−1) and an increase in SOC sequestration. Whereas combined application
of chemical fertilizer and livestock manure under reduced water conditions in China suggested
an increase in CH4 emissions of, on average, 0.65 t CO2-eq. ha−1 year−1 [4]. The reduction in N2O
emissions for IM in Bangladesh (−0.53 CO2-eq. ha−1 year−1) was greater than the reduction reported
for Chinese rice croplands (−0.2 CO2-eq. ha−1 year−1) [4].

Food security is a critical issue for a developing country like Bangladesh so we also assessed
yield impacts of different management practices. The simulated yield under current management
in different districts was estimated to range between 3.9 and 4.8 t ha−1 year−1, with average of
4.3 t ha−1 for irrigated rice and 2.7–3.8 t ha−1 year−1 with an average of 3.1 t ha−1 year−1 for rainfed
rice. The values were close to reported yields from the Bangladesh Bureau of Statistics [18], which are
2.1–4.5 t ha−1 year−1 with an average of 3.97 t ha−1 year−1 for irrigated rice and 1.3–3.0 ha−1 year−1

with an average of 2.4 t ha−1 year−1 for rainfed rice, in 2015–2016 [18]. The yield predicted by DayCent
under manure application with N substitution was half that of the baseline yield, due to less N
mineralization available for crop uptake [35], so manure application alone cannot be considered as an
effective option. Besides, it would be challenging to apply only manure at the high rates in the field that
were simulated because there is not enough manure available to cover vast cultivated areas and there
are other uses for cow dung in Bangladesh, including fuel and biogas [15,57]. Under IM, simulated
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values of yield in the first growing season in some regions were slightly lower but yield scaled
GHG intensity appeared to be reduced for both cropping seasons compared to baseline conditions.
A 12–20% yield reduction under integrated management for rice was reported for China [4] but the
GHG emission intensity was also reduced in all regions. When considering impacts on improving
soil quality, mitigating GHGs and maintaining yields, IM appears to be the best approach among the
mitigation scenarios.

Application of IM to all districts increases SOC sequestration and reduces net GHG emissions.
Relatively smaller changes in some parts of northern and south-western regions can be attributed to
soil type. Our model results showed that higher sand content >30% and lower clay (<20%) in those
regions leads to smaller gains in SOC under IM practices. Relatively larger changes in SOC also occur
in the region associated with lower sand (<10%) and higher clay (>45%) content in some parts of the
south-western region. The result is consistent with Six et al. [58] who described the importance of
the silt and clay protected C for SOM stabilization. In addition, low initial SOC contents (located in
northern and central site) showed greater than average (up to 50%) SOC sequestration potential,
consistent with previous findings [11,13,57].

Initially, CH4 emissions in sandy soils in the northern region were higher with baseline
management but adoption of the IM leads to reduced emission from those sites. However, the absolute
changes of CH4 in one district, Jamalpur, with the soil sand content <20%, shows the maximum
reduction potential (−1.12 t CO2 eq. ha−1 year−1), which we attribute to the rainfall distribution
following additional model tests. For instance, total rainfall in Jamalpur is only 140 cm, less than the
average rainfall in Bangladesh, with relatively lower rainfall observed at the pre-harvesting stage
of boro rice and therefore AWD practices have a large impact in this region. In contrast, the south
(e.g., Cox’s bazar) receives annual rainfall of 400 cm. With greater rainfall at the pre harvesting stage
of boro rice and with higher sand content (>30%), which leads to enhanced methanogenic activity,
AWD was less effective in reducing CH4 emissions. A similar pattern was observed in western parts
of the country (e.g., Sirajgonj, Kushtia) and southern parts (e.g., Pirojpur, Patuakhali) where rainfall
exceeds 300 cm. Soil type also impacts CH4 emissions with manure management. Overall, our
results suggest that soil texture and water status are important in determining CH4 emissions and the
effectiveness of management changes to reduce emissions, similar to field studies [45,59–61].

Lower sand and higher clay content leads to higher N2O emissions under current baseline
conditions, while reduced mineral N fertilizer associated with manure application under IM leads
to reduced emissions. Based on the total harvested rice area in each district, a relatively higher SOC
sequestration potential is observed for northern and central Bangladesh, whereas a relatively lower
mitigation potential is observed for western and south eastern parts of Bangladesh, due to smaller
areas of rice cultivation. Similar patterns are also found for net GHG balances, since SOC sequestration
is the dominant factor in the overall net GHG balance.

The average SOC sequestration rate under adoption of IM was 0.43 t C ha−1 year−1. This estimate
is slightly higher than the value given in Smith et al. [6] for nutrient and agronomic management
for the warm-moist cropland region (−0.003–0.35 t C ha−1 year−1) and slightly higher than
0.2–0.3 t C ha−1 year−1 for Bangladeshi soils under adoption of management practices suggested
by Lal [10]. It is slightly lower than the value reported for China under combined treatment
of inorganic fertilizer and manure application practised in dry cropland and paddy soil of
0.62–0.89 t C ha−1 year−1 [13]. Our modelled estimates are comparable with estimated SOC
sequestration potentials of 0.21–0.50 t C ha−1 year−1 in Indian paddy rice [7,62]. To achieve the targets
of the “4 per mille” initiative arising from the Paris Climate Agreement, a SOC gain of 4 parts per
thousand (=0.4%) is approximately equivalent to an annual increase in SOC of 0.11 t C ha−1 year−1 [13].
Our results suggest that this goal could be achieved with modification only of current tillage and
residue management practices (0.18 t C ha−1 year−1). The sequestration rate achieved under IM across
all rice croplands in Bangladesh would be equivalent to 10–26 parts per thousand at 0–15 cm depth,
which is higher than the rates for dry cropland and paddy soils in China at 0–15 cm depth of 7–11 parts
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per thousand [13]. In the UK, the Broadbalk long term (>150 years) winter wheat experiment, where
farmyard manure has been applied at a rate of 35 t ha−1 year−1, showed average annual increases in
SOC of 43 parts per thousand to 23 cm depth during the first 20 years and remained at 7 parts per
thousand for 40–60 years [14].

Estimates of CH4 emissions by DayCent are 1.29 Tg (32 Tg CO2-eq. ha−1 year−1) from Bangladesh
rice field, which is higher the values estimated by [25] using CH4MOD2.5 but similar to the values
reported by FAOSTAT of 1.17 Tg [17]. Yan et al. [63] report a value of 1.66 Tg and Manjunath et al. [64]
report a value of 1.22 Tg. Khan and Saleh [25] estimated emissions of 1.07 Tg from 7 Mha rice harvested
area in Bangladesh using IPCC default emission factors (EF) for CH4 and country specific EFs for
organic amendments and water management. The lack of consistency in CH4 emissions may be due
to differences in methodological approach, consideration of water status for both cropping seasons
and assumptions about organic amendments and other factors. For instance, Khan and Saleh [25]
based the agronomic information and management activity on focus group discussions. In contrast,
Manjunath et al. [64] used remote sensing and GIS approaches to determine CH4 emissions. Seasonally
integrated fluxes for CH4 emission factors for Bangladesh were derived from Indian emission factors
on the basis of similarity between the rice cultural type and cropping calendar between India and
Bangladesh. In contrast, the FAOSTAT estimates are based on a simple EF of 9.94 g m−2, without
considering scaling factors or EFs and simulated emissions in DayCent were based on the influence of
diverse soil types, climatic variability and soil organic amendments. Further analysis of CH4 and N2O
emissions could be conducted in the future to improve estimates for Bangladesh. IM

Uncertainty in our modelled results arises from the fact that Bangladesh very often faces other
natural challenges that affect rice areas differently, such as drought, flooding, salinity intrusion,
soil erosion, land degradation, formation of plough pan, all of which adversely affect the land use
pattern in Bangladesh [15] and are not represented in the DayCent simulations. For example, six severe
floods occurred in Bangladesh from 1984–2007 [65]. Further, many croplands in the southern coastal
area have been converted to shrimp culture fields and are no longer suitable for crop production
due to salinity intrusion. Another issue might be the initialization of the model with data that were
extrapolated from 15 cm to the 20 cm data that was simulated by DayCent. Generally, pH, SOM
and soil texture were estimated in Bangladesh soil up to 15 cm depth, therefore we compared the
SOC values by adjusting modelled output to a similar depth. It is stated here that, Previous long
term analysis on SOC stock calculations were done by adjusting standard soil weight or by adjusting
model outputs due to changing BD [35]. Bulk density cannot be altered during model simulations [35].
Without adjusting modelled SOC stock, DayCent (DailyDayCent) was applied in the plot receiving
manure from the period of 1843 onwards on the well-documented long term Rothamsted Broadbalk
monoculture wheat site and a highly significant positive relationship between modelled and measured
SOC was found (r = 0.87), without significant bias [28,35]. Bulk density in Bangladesh rice soils is
shown to change by approximately 20% in the manure applying filed [35]. However, applying DayCent
with fixed BD in that test sites showed a highly significant correlation between model and measured
SOC [35]. Their modelling experiment revealed that changing BD will not have greatly changed SOC,
confirming earlier finding with the same model [28] and can therefore be used to predict SOC changes
and emission reductions under various combinations of management practices. Further refinement is
possible with collection of new data on soil characteristics.

The limitations to changes in current agricultural practices and implementation of alternative
management practices, listed for temperate regions by Poulton et al. [14] are also applicable, partially
or fully, for developing countries like Bangladesh. For instance, cow dung has alternative uses as
previously mentioned. Additionally, if a proportion of the cow dung is already applied to cropland,
then SOC increases would not be possible. Similarly, crop residues are used for fuel and fodder for
animals. Furthermore, we assume that equal amount of residue left in the field after the harvesting
of rice in both growing seasons, whereas around 50% lower residues were found after harvesting of
rainfed rice compared to irrigated rice, due to variation of the gap between the growing seasons and
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active decomposition processes [25]. Ultimately, the decision about incorporating residues left in the
field depends upon labour cost, distance of the field from the house and water status of the field after
harvesting [66]. Farmers sometimes burn residues in the field and the decision to burn mainly depends
on the distance of the field, residue price and height and quality of residues [66]. These decisions will
influence the potential for mitigation through improved residue management.

There are also other mitigation strategies that need further investigation, such as deep placement
of urea instead of application using the broadcast method [67], biochar application, or a change in the
composition of mineral fertilizer to increase yields while reducing N2O emissions [45]. Future studies
can build upon our analysis and investigate these options for rice systems in Bangladesh.

In our study, the cost of mitigation actions are not considered but due to cheap labour costs and
water savings, the options are likely to be cost effective. To maintain or increase yield while reducing
GHG emissions through SOC sequestration, it is crucial to maintain the improved management for at
least 20 years and to maintain it thereafter, which might be challenging for small farm holders [68].
Initial costs are likely to be higher due to the need for weeding but overall labour costs could decrease
compared to traditional systems [69]. This approach will also lead to water savings, which may be
important as the climate continues to change in Bangladesh [23].

The study focussed on SOC sequestration and GHG mitigation potential along with yield for the
first time for rice based agriculture in Bangladesh. We tested the model against long term data and
showed that model performance is adequate. We then used the model to explore management options
to increase SOC stocks and mitigate climate change—and discuss the limitations in the discussion.
Both single and combined approaches were considered to determine the most effective scenario.
As food security is the main issue in such a densely-populated country, the modelled study pointed
out the best management option whilst also considering yield. Although there is data limitations
on measured SOC, we used the best (and only) long term data available for rice sites in Bangladesh
where the model was applied. AWD, one of the most important strategies for Bangladeshi rice systems,
was tested by DayCent at one of these sites. However, applying AWD over large areas is limited by soil
type and rainfall. Uncertainties can be reduced in the future with further data collection and application
of optimization but this is not possible with the limited data currently available in Bangladesh. Our
results could be considered as preliminary until further evidence is gathered. Clearly, further study
and refinement is needed if farmers and the government decide to pursue these mitigation options as
part of policy programmes to reduce emissions, such as a programme to contribute emission reductions
to international efforts such as the Paris Agreement. However, this study acts as a starting point for
further research in this area.

5. Conclusions

Applying the process-based agroecosystem model DayCent in Bangladesh, a rice dominated
country, shows that there is scope to reduce net GHG emissions from the agriculture sector.
SOC sequestration is the main component in the net GHG emission reduction, followed by CH4

reductions. Because trade-offs can exist between different GHGs, SOC sequestration and impacts on
CH4 and N2O emissions need to be considered together over the long term. Along with net GHG
balances, this study also considered the impact on crop yield. We found that DayCent is a useful tool to
evaluate variation in mitigation potentials across Bangladesh. Spatial variability in SOC sequestration
rates and CH4 and N2O emissions was driven mainly by soil properties and climatic variability.
There is scope to improve model estimation by considering water level and land type to accurately
estimate of SOC and CH4 emissions. The simulated impact of methanogens for different land types,
as well as in different growing seasons, could help to improve the estimation of CH4 emissions and
thereby overall GHG balances. This paper reports the first application of a process based model for
predicting net GHG emissions and mitigation potentials under different management in a sub-tropical
rice-dominated country, Bangladesh. This study could provide a basis for improving the national GHG
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inventory and a mitigation management strategy at national level for paddy rice systems, which could
be further improved with new field measurements and additional high resolution spatial datasets.
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