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Abstract: Since each greenhouse gas (GHG) has its own radiative capacity, all three gasses (CO2,
CH4 and N2O) must be accounted for by calculating the net global warming potential (GWP) in
a crop production system. To compare the impact of GHG fluxes from the rice growing and the
fallow season on the annual gas fluxes, and their contribution to the GWP and carbon sequestration
(CS) were evaluated. From May to April in Bibai (43◦18′ N, 141◦44′ E), in central Hokkaido, Japan,
three rice paddy fields under actual management conditions were investigated to determine CS and
the contribution of carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) fluxes to GWP.
Methane and N2O fluxes were measured by placing the chamber over the rice plants covering four
hills and CO2 fluxes from rice plants root free space in paddy fields were taken as an indicator of soil
microbial respiration (Rm) using the closed chamber method. Soil CS was calculated as the difference
between net primary production (NPP) and loss of carbon (C) through Rm, emission of CH4 and
harvest of crop C. Annual cumulative Rm ranged from 422 to 519 g C m−2 yr−1; which accounted for
54.7 to 55.5% of the rice growing season in particular. Annual cumulative CH4 emissions ranged
from 75.5 to 116 g C m−2 yr−1 and this contribution occurred entirely during the rice growing period.
Total cumulative N2O emissions ranged from 0.091 to 0.154 g N m−2 yr−1 and from 73.5 to 81.3%
of the total N2O emissions recorded during the winter-fallow season. The CS ranged from −305 to
−365 g C m−2 yr−1, suggesting that C input by NPP may not be compensate for the loss of soil C.
The loss of C in the winter-fallow season was much higher (62 to 66%) than in the growing season.
The annual net GWP from the investigated paddy fields ranged from 3823 to 5016 g CO2 equivalent
m−2 yr−1. Annual GWPCH4 accounted for 71.9 to 86.1% of the annual net GWP predominantly from
the rice growing period. These results indicate that CH4 dominated the net GWP of the rice paddy.

Keywords: carbon sequestration; methane; carbon dioxide; nitrous oxide; global warming potential;
paddy field

1. Introduction

Since the pre-industrial era (defined as 1750), the concentration of global atmospheric carbon
dioxide (CO2) has increased from 278 ppmv to 3905 ppmv in 2011. Methane (CH4) and nitrous oxide
(N2O) concentrations have increased during the same period from approximately 0.722 ppmv to
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1.803 ppmv and approximately 0.270 ppmv to 0.324 ppmv, respectively [1]. Rice production contains
substantial CH4 emissions, contributing about 10% of all anthropogenic CH4 emissions or about
1.5% of total global anthropogenic GHG emissions [2,3]. Nitrous oxide emissions from agricultural
fields, comprising approximately 5% of total organic anthropogenic GHG emissions [4], are primarily
associated with applications of inorganic and organic nitrogen fertilizer in cultivated arable upland
systems [5]. Rice paddies in monsoonal Asia play an important role in the global GHG budget [6],
but the extent of net fluxes from these ecosystems is still considerably uncertain.

Gas exchange between paddy fields and the atmosphere is different from that in dryland farming
and other ecosystems because paddy fields are flooded during most of the growing period and this
exchange is regulated by many factors [6]. Some change in soil or management/climate conditions will
alter biochemical or geochemical processes, ultimately leading to changes in gas fluxes [7]. For instance,
the incorporation of crop straws into soil may increase carbon sequestration (CS) [8], but at the same
time may increase CH4 fluxes [9]. Because of water drainage, lower CH4 fluxes can increase N2O
fluxes [10]. Studies have shown that a large amount of GHGs are released from paddy fields; likewise a
significant amount of CO2 is stored by plant in paddy fields [11–14]. This two mechanisms help regulate
GHGs for paddy ecosystems [15]. Since each GHG has its own radiative potential [1], the calculation
of net global warming potential (GWP) in a crop production system must include all three gases [7].
GWP defined as the cumulative radiative forcing—both direct and indirect effects—integrated over
a period of time from the emission of a unit mass of gas relative to some reference gas, CO2 as this
reference [16].

Many biological and physical processes regulate the exchange of CO2 and CH4 between paddy
fields and the atmosphere. Carbon dioxide exchange in paddy fields is driven by photosynthesis and
autotrophic (plant) and heterotrophic (mainly microbial) respiration [17]. Photosynthesis of plants
contributes to the removal of CO2 from both the atmosphere and from respired CO2 emitted by the
soil and floodwater. Methane is released into the atmosphere by ebullition, diffusion and transport
by means of rice plant aerenchyma tissue [18]. In previous studies, GWP was considered using CH4

and N2O but not CO2, because both the respiration and the photosynthesis altered the concentration
of CO2 inside the chamber [19]. A lot of information has been given to enhance our understanding
of the processes of C cycle and C storage in soils. This was due to the need to sequester C in order
to overcome global climate change [20]. Nevertheless, in paddy fields, there were only a few studies
on soil CS [21,22]. The likelihood of CS in a paddy field must be measured concurrently with GHG
emissions taking into account GWPs. In attempts to quantify the CS in paddy ecosystems that would
accompany change in agricultural practices, the change in C emissions associated with management
practices has largely been overlooked.

Throughout rice growing season, the impacts of rice paddy soil on GWP are normally studied
without considering the fallow season, using only CH4 and N2O fluxes. The GWP of CH4

and N2O emissions from paddy soils had been estimated together or separately by numerous
researchers [10,23,24]. Consequently, most of the related research sought to establish soil management
strategies to suppress individual GHG emission levels without a holistic assessment of total GWP from
the combined contribution of the major GHGs, especially CO2, CH4, and N2O [25]. With regard to the
integrated greenhouse effect in CO2-equivalent of three gases (CO2, CH4 and N2O), the available data
are rather scarce. Moreover, information regarding annual GHG fluxes and contribution of each GHG
to the total GWP from rice growing and fallow periods is insufficient. Therefore, the integrated GHG
effect under various management practices and the status of “source” and “sink” of paddy fields are
essential. Furthermore, because actual status of GHG emissions in regional agriculture is quite unclear,
methodological research for increasing accuracy of estimations is required. In this study, we present
the method of measurements of soil microbial respiration (Rm) from paddy fields. Thus, we have
carried out field-level investigations in paddy fields to estimate CS using Rm. We hypothesized that
different agronomical managements in paddy fields on mineral soil over peat may regulate GHG
emissions and CS under rice growing and fallow season in a snowy, temperate region. Therefore,
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the objectives of the present study are: (i) to compare the effect of GHG emissions from the rice growing
and the fallow season on the annual gas fluxes in a single-cropping paddy field; and (ii) to estimate the
CS, and evaluate the contribution of CO2, CH4 and N2O fluxes to GWP under different agronomical
managements in paddy fields.

2. Materials and Methods

2.1. Site Description and Field Management Schemes

2.1.1. Study Site, Soil Type and Climate

Field investigations were conducted at Kita-mura (43◦18′ N, 141◦44′ E) near Bibai, in Central
Hokkaido, Japan’s largest rice-growing area, from late May to April. We examined three fields of rice
paddy, D1-M (drainage-multiple), D2-M (drainage-multiple) and D3-S (drainage-single), which were
peatland dressed in mineral soil. The thickness of the D1-M, D2-M and D3-S mineral soil (dressing)
was 20 ± 4.2, 29 ± 5.4 and 29 ± 5.4 cm, respectively. In winter, the study area has a cold climate with
a long snow cover. The rice straw was left on the unplowed fields during the winter-fallow cycle
(October to April) between harvest and the planting of the next year. Crop residues were covered by
deep snow with sub-freezing air temperatures from November to April. In autumn (end of September)
the time between the rice harvest and the first snowfall was around 45 days. For weed growth, this
short duration and gradually declining air temperature is not beneficial.

2.1.2. Management History

Hokkaido is Japan’s newly developed agricultural land. Many of the peatlands in Hokkaido, Japan,
have been reclaimed as paddies or dry fields since its establishment in the Meiji Period (1867–1911) [26].
In central Hokkaido, mainly in the lowlands along the main river Ishikari, peatlands are distributed.
Most of the Ishikari peatlands were used for paddy cultivation, particularly after 1945, according to
the Japanese government’s systematic development plan. The peat soils (studied area) were drained
in the 1960s, dressed top with approximately 30 cm of mineral soil and altered into productive crop
fields [27].

2.1.3. Current Management and Specificity of the Three Fields

After harvest in autumn, the prevalent local practice for rice straw management is to leave rice
straw on paddy fields and plow the straw into the soil in the following spring (early May). We found
that a variable amount of rice straw leftover on the fields resulted from different yields from the
paddy rice crops of the previous year; farmers only collected grain and combined harvesters left
short pieces of rice straw on the soil surface as spreading on fallow fields. As described above,
the distribution and abundance of leftover organic materials in central Hokkaido was mainly from
rice plants, no weeds were grown and, if any, in size and volume was negligible. All the fields were
rotated as a system annually under a single crop and a paddy-fallow-paddy. Paddy rice was grown in
all fields for approximately 10 consecutive years before the experiment. Table 1 presents some physical
and chemical properties of the soils of the investigated fields.

Under the actual conditions of farmers’ management, three rice-paddy fields were chosen.
Different water management practices were included in the selected fields; multiple drainage [drainage
frequency, two −29 days after transplantation (DAT) and 63 DAT] was done in D1-M and D2-M,
and single drainage (63 DAT) was done in the mid-growing season in D3-S. Each drainage had a
length of 10 days. At the end of the growing season, all fields are eventually drained for harvesting.
The disparity between the fields in water management practices was driven primarily due to differences
in the quantities of leftover rice residues and soil quality. Field D1-M, D2-M and D3-S earned 5.21,
5.58 and 7.51 t ha−1, respectively leftover rice straw from the rice crop of the previous year. Table 2
provides detailed information on the quantity of remaining straw on fields and other management
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practices. Drainage activities are usually chosen to avoid extreme reduction conditions and to facilitate
the decomposition of the remaining rice straw. Single drainage was done by the paddy field D3-S,
although this field received the highest amount of previous crop residues. It could possibly be due to
the relatively low C content and higher density of sand (50.9%) in the soil resulting in poorer conditions
of reduction than the other two felds. Farmers also reduce drainage in order to prevent cracks during
the irrigation-dry cycle. The development of cracks and the rise in amplitude result in a significantly
higher rate of penetration [28], resulting in depletion of water and nutrients in the shallow roots [29],
and increases in percolation rate due to decreases in water productivity [30]. The rate of drainage,
however, depends on the conditions of the field and on the judgment of the farmer.

Table 1. Some physical and chemical characteristics of the investigated paddy field soils (initial soil at
0–10 cm depth).

Site § Soil
Type ¶

Soil PH Particle Size Distribution (%) Soil
Texture

Bulk
Density Total-N Total-C

(H2O) Sand Silt Clay (g cm−3) (g kg−1) (g kg−1)

D1-M SDP 5.38 28.8 47.1 24.2 SICL 0.96 3.86 57.8
D2-M SDP 5.32 29.9 46.9 23.1 SICL 0.87 3.03 43.5
D3-S SDP 5.45 50.9 33.5 15.6 CL 1.15 1.65 24.7

§ D1-M (drainage-multiple); D2-M (drainage-multiple); D3-S (drainage-single). ¶ SDP, soil-dressed peat.

Table 2. Summary of management practices of the investigated paddy fields.

Site §

Field Area
Dates of Nitrogen

Fertilizer
Application

Straw Leftover on Field

Trans-Planting

Multiple/Single
Drainage Final

Drainage
for Harvest

Harvest

Dry
Matter

C
Conc C Amount

(104 m2)
1st

Drainage
2nd

Drainage (kg N ha−1) (g m−2) (%) (g C m−2)

D1-M 0.54 24-May 22-June 25-July 15-August 15-September 76 521 41.7 217
D2-M 0.48 24-May 22-June 25-July 15-August 15-September 76 558 40.4 225
D3-S 0.35 25-May - 26-July 15-August 25-September 36 751 39.2 295

§ D1-M (drainage-multiple); D2-M (drainage-multiple); D3-S (drainage-single).

2.2. Experimental Layout and Approach

Three fields were considered as three treatments and in each field we had three measuring
places (three chambers per field). The distance was about 500–1000 m between each of the field
sites. Immediately after transplantation, an aluminum chamber base of 61 cm × 31 cm × 7 cm
(length × width × height) with an internal side water groove of 1 cm × 2.5 cm (width × depth) was
placed in the waterlogged soil. Three chamber bases (three replicates) were placed at the same range of
30 m in each field and used for the sampling of CH4 and N2O gases. Carbon dioxide fluxes were taken
from rice plants root free space in paddy fields as an indicator of soil microbial respiration (Rm) [31].
Rice root distribution is typically more than 20 cm deep in the subsurface soil and root horizontal
distribution is 15 cm wide [32]. Rice seedlings of 1-m2 from three places of each field were picked up
immediately after transplantation. The chamber base inside was thus free of rice roots. An aluminum
chamber base of 31 cm × 31 cm × 7 cm (length ×width × height) with 1 cm × 2.5 cm (width × deep)
water groove in the inner side was placed in the middle of the root free space of the rice plants to place
the chamber on it. There was about 69 cm of root-free space outside the base of the chamber. When the
field-water table fell below groove level, the base groove was filled with water. The chamber was not
fixed on the field and was set up on the chamber base in the field during the sampling day. Boardwalks
were constructed from boundary dikes across each sampling site to prevent soil disruption during gas
collection (Figure 1).
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2.3. CH4 and N2O Gas Sample Collection and Analysis

Gas collection from the experimental fields, a closed-chamber (static chamber) system was used [9].
Transparent, rectangular gas-sampling chambers of 60 cm × 30 cm × 100 cm (length × width × height)
were built using 5 mm thick acrylic sheets and placed on a base above the four-hill rice plants in the
paddy fields. A lightweight plastic bag was added inside to avoid pressure gradients between the
inside and outside of the chambers during gas sampling (Figure 1). An electronic thermometer with a
silicon cork was attached inside the chamber to determine the inside temperature. For gas sampling,
each chamber was attached to a silicon cork and pipe with a three-way stopcock. Each sampling
activity was repeated three times on each sampling day from 10:00 a.m. to 3:00 p.m., sampling was
conducted three to four times a month. On each sampling date, the same method was applied at each
field site. Gas was sampled with a 25-mL polypropylene syringe at 0, 10, and 20 min per sampling
time and transferred to a 20-mL vial with a hypodermic needle.

A gas chromatograph equipped with a hydrogen flame-ionized detector (FID, SHIMADZU GC-8A,
Shimadzu Corporation, Kyoto, Japan), was used to analyze CH4 concentrations of the collected gas
samples in the laboratory. Whereas N2 (flow rate: 100 kPa), H2 (flow rate: 50 kPa) and zero air (flow
rate: 50 kPa) were used as carriers, fuel, and supporting gas, respectively. The temperature of the
column and injector/detector was set respectively at 70 ◦C and 130 ◦C. Methane 2.0 and 10.0 ppmv
(Hokkaido Air Water Inc., Sapporo, Japan) was used as the primary standard, with an injection volume
of 1 mL. With a gas chromatograph fitted with a 63Ni electron capture detector (ECD, Shimadzu
GC-14B), N2O concentrations were determined. N2 gas was used, keeping the flow rate at 400 kPa.
The temperatures of the column, injector and detector were set at 60, 250, and 340 ◦C respectively.
Calibration was carried out using standard N2O gas at 0.3 ppmv concentration (Hokkaido Air Water
Inc.), with an injection volume of 1 mL.

2.4. Soil Microbial Respiration (Rm) Measurement

For Rm measurement in paddy fields, transparent rectangular chambers of 30 cm × 30 cm × 60 cm
(length × width × height) made of 3 mm thick acrylic sheets were used. Three chambers (three
replicates) were placed at the same distance in each field during the Rm measurement and each chamber
was covered with a dark sheet. The time and procedures for collecting samples are similar to those
for CH4 and N2O. But samples of air in the chamber were taken at 0 and 6 min after setting up the
chamber with a 50 mL polypropylene syringe, and transferred to a Tedlar ® 400 mL bag via a silicon
tube attached to the top of the chamber. Rm was analyzed with an infrared gas analyzer (FUJI ZFP-9,
Fuji Electric Co., Ltd., Tokyo, Japan) within 2 h after collection.
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2.5. Gas Flux Calculation

Gas fluxes were calculated according to the linear increase or decrease of gas concentration in the
chamber over time, use the following formula:

F (mg C m−2 h−1) = ρ × V/A × ∆c/∆t × 273/T × α (1)

where, F is the gas flux; ρ is the density of gas at the standard condition (Rm as CO2 = 1.96 × 106 mg m−3,
CH4 = 0.716 × 106 mg m−3, and N2O = 1.97 × 106 mg m−3); V (m3) and A (m2) are the volume and
bottom area of the chamber, respectively; ∆c/∆t (m3 m−3 h−1) is the gas concentration change in the
chamber during a given period; T is the absolute temperature (K); and α is the conversion factor for
gas (CO2 = 12/44, CH4 = 12/16 and N2O = 28/44). A positive flux indicates soil-to-atmosphere gas
emissions, and a negative flux reveals its uptake from the atmosphere. The cumulative fluxes were
calculated assuming the existence of linear changes in gas emissions between two successive sampling
dates [33]:

Cumulative gas emission =
n−1∑
i=1

(Ri × Di), (2)

where, Ri is the mean gas flux (mg m−2 d−1) of the two sampling times, Di is the number of days in the
sampling interval, and n is the number of sampling times. For the rice growing season, the cumulative
gas flux of individual gases was 121 days, and for the winter fallow season it was 211 days. Due to
land preparation and transplantation, gas samples collections were not performed during May.

2.6. Net Primary Production (NPP) Estimation

Net primary production of the investigated fields, which includes above and below ground rice
plant biomass was estimated. Plant samples of three 1-m2 quadrates were collected by hand from each
field just prior to harvest [9]. Samples were taken from the site adjacent to the chamber. Root samples
were taken from the top soil depth of 0–20 cm. Samples from the aboveground were separated into
grains, straw and stubble. Dried plant samples were manually ground (e.g., to powder) with a mortar
and pestle to determine total C concentration using a C–N analyzer (vario MAX CNS, Elementar
Analysensysteme GmbH, Langenselbold, Germany).

2.7. Soil C Sequestration (CS) Estimation

We used the C budget method to calculate soil CS. Soil CS was estimated to correspond to the
difference between NPP and C loss through Rm, CH4 emission and crop C harvest. CS (g C m−2) was
calculated as follows for each field (Figure 2).

CSg = NPP − (Rm + CH4 emission + grain harvest) for rice growing period (3)

CSf = − (Rm + CH4 emission + straw harvest) for winter-fallow period (4)

For one year:

CSg + CSf = NPP − (Rm + CH4 emission + grain harvest + straw harvest) (5)

where, CSg and CSf are the CS during rice growing and winter-fallow period, respectively; Rice grain
and straw yields of three 1-m2 quadrate were investigated. Grain and straw C was calculated from dry
weight and C content was determined by C–N analyzer.
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Figure 2. Schematic diagram of carbon sequestration (CS) estimation procedure. §Straw harvest
depends on management. For example, if farmer leftover all harvested straw on field that time “straw
harvest = 0”.

2.8. Global Warming Potentials (GWP) Estimation

The GWP (g CO2 equivalent m−2 season−1) was computed using a 100-year time horizon as
suggested by IPCC [1] from the GHG emissions of each field (conversion factors of 1 for CO2, 28 for
CH4 and 265 for N2O). The estimation of GWP as follows:

Net GWP = CO2 GWP + CH4 GWP + N2O GWP (6)

where, CO2 GWP = − (CS + CH4) (g CO2-C m−2 season−1) × (44/12); CH4 GWP = CH4 (g CH4-C m−2

season−1) × (16/12) × 28; and N2O GWP = N2O (g N2O-N m−2 season−1) × (44/28) × 265.

2.9. Statistical Analysis

Treatment effects were determined by analysis of variance with the help of statistical package
Excel Statistics version 4.0 (Esumi Co. Ltd., Tokyo, Japan) and mean separation was tested by Tukey
HSD. To compare the gas fluxes values from the growing season with the fallow period in this study,
a t-test for paired comparison was done with the help of statistical package Statistix10 (Analytical
Software, Tallahassee, FL, USA).

3. Results

3.1. Climatic Conditions

Meteorological data were recorded during the rice growing and winter-fallow periods and
presented in Figure 3a,b. The mean air temperature was 17.9 ◦C (ranged, 12.9 to 21.1 ◦C) during the
rice-growing period (late May to September), which was 5.1 ◦C lower than the average soil temperature
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at a depth of 3 cm. During the rice-growing period, the total precipitation was 611 mm, representing
48% of the total annual precipitation (1265 mm). The average air temperature after harvest to before
the first snowfall (October to late November) was 8.2 ◦C (ranged, 0.80 to 14.2 ◦C). The average air
temperature was −2.2 ◦C (ranged, −13.6 to 10.2 ◦C) during the snowy period (late November to late
April) and the average snow depth was 58 cm (ranged, 0 to 120 cm). The mean annual temperature
was 7.94 ◦C, 0.80 ◦C higher than the 10-year average (7.14 ◦C) and 87.5 mm higher than the 10-year
average (1177.5 mm) annual total precipitation.
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Figure 3. (a,b). Climatic conditions of investigated area during rice growing and winter-fallow period.

3.2. Greenhouse Gas Fluxes (Rm, CH4 and N2O)

During the rice growing and the winter-fallow period (Table 3a), the cumulative Rm of the
three paddy fields (D1-M, D2-M and D3-S) ranged from 234 to 284 and 188 to 235 g C m−2 season−1,
respectively. The D2-M field annual cumulative Rm showed the highest rate (519) and the lowest rate
(422) was D3-S (Table 3b). During the rice growing season, the cumulative Rm was 54.7 to 55.5% of the
total annual Rm.

The cumulative CH4 emissions from paddy fields ranged from 75.5 to 116 g C m−2 during the
rice growing season (Table 3a) (this cumulative CH4 emission data was published in Naser et al. [34].
During the growing season, there was no significant variation in the CH4 fluxes, whereas in the
winter-fallow season it varied significantly (p < 0.01), although the CH4 fluxes were very small during
the winter-fallow period or appeared to be uptaken (0.119 to −0.019 g C m−2). In rice growing period,
the CH4 emission rate was much higher than in winter, and the contribution to total annual emissions
was nearly 100% from the rice growing period (Table 3b).

During the rice growing period, the cumulative N2O fluxes (g N m−2 season−1) of the three
paddy fields showed low emissions ranging from 0.003 to 0.036 and low uptake as well as emissions
ranging from −0.013 to 0.118 during the winter-fallow period (Table 3a). In the winter-fallow season,
the N2O emission rate was much higher than the growing season, and the contribution to the total
annual emission from the winter-fallow season was 73.5 to 81.3% (Table 3b). There was a significant
difference in seasonal fluxes of Rm and CH4 (p < 0.01, p < 0.05, respectively) between growing season
and winter-fallow season, and no significant difference in N2O fluxes was observed.
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Table 3. Seasonal greenhouse gas fluxes and their contribution to total annual gas fluxes from
paddy-fallow cropping systems. (a) Seasonal greenhouse gas fluxes from paddy-fallow cropping
systems. (b) Total annual gas fluxes from paddy-fallow cropping systems and proportion of contribution
from rice growing or winter-fallow season to annual total emission.

(a)

Site §

Gas Fluxes

Rice Growing Season (G †)
(June to September)

Winter-Fallow Season (F ‡)
(October to April)

Rm
NS CH4

NS N2O * Rm
NS CH4 ** N2O **

(g C m−2) (g C m−2) (g N m−2) (g C m−2) (g C m−2) (g N m−2)

D1-M 274 ± 71.4 75.5 ± 24.6 0.024 ± 0.018 b 223 ± 53.8 −0.019 ± 0.008 c 0.067 ± 0.016 b
D2-M 284 ± 88.2 76.8 ± 30.0 0.036 ± 0.016 a 235 ± 55.6 0.039 ± 0.015 b 0.118 ± 0.027 a
D3-S 234 ± 72.2 116 ± 23.5 0.003 ± 0.004 c 188 ± 44.9 0.119 ± 0.029 a 0.013 ± 0.004 c

(b)

Site §

Annual Total Gas Fluxes
(m−2 yr−1)

Proportion of Contribution from G † or F ‡ to
Annual Total Emission

CO2 CH4 N2O CO2 CH4 N2O

(g C) (g C) (g N) (%)

D1-M 497 75.5 0.091 55.1 G 100 G 73.5 F
D2-M 519 76.8 0.154 54.7 G 100 G 76.6F
D3-S 422 116 0.016 55.5G 100 G 81.3 F

§ D1-M (drainage-multiple); D2-M (drainage-multiple); D3-S (drainage-single). † G, rice growing season. ‡ F,
winter-fallow season. Values in a column followed by a common letter are not significantly different at * p < 0.05
and ** p < 0.01. NS, non significant.

3.3. Soil C Sequestration (CS)

Net primary production (NPP) of D1-M was lower (499 g C m−2) compared to those of the
other fields in this study showing approximately identical NPP 529 and 530 g C m−2 (Table 4).
Carbon harvested as grain ranged from 266 g C m−2 to 298 g C m−2, representing 53% to 56% of
the respective NPP. Carbon Sequestration from paddy fields, including growing season and winter
season, was estimated for a full year (Table 5). The negative CS value implies C loss to the atmosphere
from the soil. The paddy fields, resulting in negative soil CS (ranged, −305 to −365 g C m−2 yr−1).
For all paddy fields, the losses of organic C by Rm, CH4 emission and C harvested as grain exceeded
the corresponding NPP values. All fields showed net sources of C during the rice growing and
winter-fallow season (Table 6). In the winter-fallow season, the negative CS or C losses were much
higher than the growing season, and the contribution to the annual C losses from the winter-fallow
season were 62% to 66%.

Table 4. Rice variety, net primary production (NPP) and grain yield of rice with their C content.

Site § Rice Variety

Grain Yield Net Primary Production (Whole Plant †)

Dry Matter C Content C Amount Dry Matter C Content C Amount

(g m−2) (%) (g C m−2) (g m−2) (%) (g C m−2)

D1-M Kirara 397 627 ± 75.7 42.4 ± 0.25 266 ± 32.3 1182 ± 138 42.3 ± 0.33 499 ± 57.7
D2-M Nanatsuboshi 710 ± 42.7 42.0 ± 0.22 298 ± 17.4 1278 ± 66.8 41.3 ± 0.08 529 ± 27.6
D3-S Kirara 397 713 ± 10.3 41.6 ± 0.22 297 ± 5.15 1306 ± 4.92 40.6 ± 0.36 530 ± 2.18
§ D1-M (drainage-multiple); D2-M (drainage-multiple); D3-S (drainage-single). † Whole rice plant (total biomass)
includes grain, straw with litter and roots.



Agriculture 2020, 10, 6 10 of 18

Table 5. Annual C sequestration from paddy-fallow cropping systems.

Site §
NPP

(Whole Plant) Grain Yield
Annual Emission

C Sequestration †
Rm CH4

(g C m−2) (g C m−2) (g C m−2 yr−1) (g C m−2 yr−1) (g C m−2 yr−1)

D1-M 499 266 497 75.5 −339
D2-M 529 298 519 76.8 −365
D3-S 530 297 422 116 −305
§ D1-M (drainage-multiple); D2-M (drainage-multiple); D3-S (drainage-single). † C sequestration = NPP– (Rm +
CH4 + grain harvest + straw harvest); Note: all harvested straw leftover on fields, i.e., straw harvest = 0.

Table 6. Seasonal CS or C loss and their contribution to annual CS or C loss.

Site §
CS in Growing

Season ‡
CS in Winter-Fallow

Season CS yr−1 Proportion of Contribution
to Annual C Loss from G or F †

(g C m−2 season−1) (g C m−2 season−1) (g C m−2 yr−1) (%)

D1-M −116 −223 −339 66 from F
D2-M −130 −235 −365 64 from F
D3-S −116 −188 −305 62 from F

§ D1-M (drainage-multiple); D2-M (drainage-multiple); D3-S (drainage-single). † G, rice growing season. F,
winter-fallow season. ‡ C sequestration (CS growing season−1) = NPP − (Rm + CH4 + grain harvest). C sequestration
(CS winter-fallow−1) = − (Rm + CH4 + straw harvest). Note: All harvested straw leftover on three fields, i.e., straw
harvest = 0. Negative values of C sequestration indicate net CO2 emission from soils.

3.4. Combined Climatic Impact of CO2, CH4 and N2O

The calculated GWP values for all suites of GHGs are presented in Table 7. Positive GWP value
indicated global warming and negative GWP value indicated mitigation. The GWPCO2 showed positive
GWP (ranged, 3.52 to 196 g CO2 equivalent m−2 growing season−1) from three drainage practiced fields.
All fields served as GWPCO2 sources during the winter-fallow season. As a consequence, the GWPCO2 varied
from 689 to 861 g CO2 equivalent m−2 winter-fallow season−1. GWPCO2 emissions from fields D1-M, D2-M
and D3-S were equal to 85, 81 and 99% of the annual GWPCO2, respectively, during the winter-fallow season.

Table 7. Seasonal GWP (g CO2 equivalent m−2) of CO2, CH4 and N2O and their contribution to
annual GWP.

Site §
GWP during Rice
Growing Season

GWP during
Winter-Fallow Season

Annual GWP of
Individual GHG

Gas Basis

Proportion of
Contribution from G
or F † to Annual GWP
of Respective Gas (%)

CO2 ‡ CH4 N2O CO2 ‡ CH4 N2O CO2 ‡ CH4 N2O CO2 CH4 N2O

D1-M 149 2819 10.2 817 −0.70 27.7 967 2818 38.0 85 F 100 G 73 F
D2-M 196 2867 15.1 861 1.46 49.2 1057 2868 64.3 81F 100 G 77 F
D3-S 3.52 4312 1.36 689 4.45 5.23 693 4317 6.59 99 F 100 G 79 F
§ D1-M (drainage-multiple); D2-M (drainage-multiple); D3-S (drainage-single). ‡ GWP of CO2 = − (CS + CH4
flux) × (44/12). † G, rice growing season. F, winter-fallow season.

The GWPCH4 (g CO2 equivalent m−2 growing season−1) was higher in field D3-S (4312) as it
received the highest amount of rice residue (Table 7). The GWPCH4 emissions of D1-M and D2-M
were approximately 34–35% lower than the single drainage field (D3-S). GWPCH4 was very small
or appeared to be uptaken during the winter-fallow season. In seasonal terms, rice-growing period
GWPCH4 contributed almost 100% to the annual GWPCH4.

During the rice growing period, the GWPN2O values of three fields D1-M, D2-M and D3-S were
10.2, 15.1 and 1.36 g CO2 equivalent m−2, respectively (Table 7). The value of GWPN2O from the fields
D1-M and D2-M was 8 and 11-fold, respectively, as high as that of the field D3-S. The winter-fallow
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season status of GWPN2O compared to the growing season showed an increase in N losses from 171 to
284%. Seasonally, 73–79% of the annual GWPN2O was from the winter-fallow season.

The annual net GWP (g CO2 equivalent m−2 yr−1) in the fields D1-M and D2-M showed a
comparable value of 3823 and 3990, respectively, and 5016 in the single drainage field (D3-S) (Table 8).
Consequently, the D3-S field net annual GWP was 31.2% and 25.7% higher than the D1-M and D2-M
field, respectively. The net GWP values (g CO2 equivalent m−2 season−1) in the growing season ranged
from 2978 to 4317 and in the winter-fallow season from 699 to 911. Based on seasonal net GWP,
the contribution from the growing season to the annual net GWP was 77 to 86%.

Table 8. Proportion of contribution from seasonal net GWP and annual GWP of individual GHG to
annual net GWP.

Site § Net GWP
(g CO2 Eq. m−2 Season−1)

Proportion of
Contribution from
G or F † to Annual

Net GWP

(g CO2 Eq. m−2 yr−1) Proportion of
Contribution from

Individual GHG Basis
GWP to Net GWP (%)

Annual GWP of
Individual GHG Basis

Annual
Net

GWP

Growing
Season

Winter-Fallow
Season (%) CO2 ‡ CH4 N2O CO2 ‡ CH4 N2O

D1-M 2978 844 78 from G 967 2818 38.0 3823 25.3 73.7 0.99
D2-M 3078 911 77 from G 1057 2868 64.3 3990 26.5 71.9 1.61
D3-S 4317 699 86 from G 693 4317 6.59 5016 13.8 86.1 0.13

§ D1-M (drainage-multiple); D2-M (drainage-multiple); D3-S (drainage-single). ‡ GWP of CO2 = − (CS + CH4
flux) × (44/12). † G, rice rice growing season; F, winter-fallow season.

4. Discussion

4.1. Soil C Sequestration

In this study, the CS values ranged from −305 to −365 g C m−2 yr−1, suggesting that C obtained
as a result of NPP was not enough to offset C losses from paddy soils by Rm, CH4 emission and C
harvested as grain (Table 6). Thus, these paddy-fallow ecosystems were net sources of atmospheric
CO2. Paustian et al. [35] stated that the net difference between the photosynthetically-fixed CO2 that
enters the soil as plant residue and the CO2 released from decomposition is much smaller, but higher
CO2 emissions was found in our study. This disparity decides the ecosystem’s net C balance, i.e.,
whether it is a CO2 source or sink.

Our estimated CS values (ranged, −305 to −365 g C m−2 yr−1) were larger than those recorded by
Minamikawa and Sakai [13] from the single-crop paddy field in Tsukuba, Ibaraki, Japan (range −32
to −188 g C m−2 yr−1). In a single-cropping paddy field in Tsukuba, Japan, Koizumi [36] quantified
the soil C budget in which harvested rice straw was not integrated into the soil and the field was
continuously flooded, with a loss of 21.0 g C m−2 in the annual C budget. Our results contrast with
the findings of Liping and Erda [37], who reported that paddy soils store more C than upland soils,
or prevent C emissions, as a result of converting upland soils to paddy soils. Furthermore, Xiao et
al. [15] stated that rice paddy ecosystems during the growing season could act as a significant CO2

sink. The explanation why their findings vary from our study might be due to different climatic
conditions (subtropical climate with the mean temperature was about 25 ◦C during growing season
in Shanghai, China), soil (organic matter content 18.8 g kg−1 and total N 1.24 g kg−1 with high pH
7.9 to 8.0) and management practices (direct seeding and continued flooding until October 2 with
intermittent irrigation from July 15 to August 2).

In this study the variations in CS between the three paddy fields were attributed to the practice of
crop residue management and drainage [38]. Adding crop residues affects CS in two ways: C storage
is achieved by adding rice straw to the soil, and rice straw residues increase emissions of both Rm and
CH4 [9,39]. Drainage and flooding also affect the state of decomposition of organic matter (aerobic or
anaerobic), with the effect that responsible microorganisms change [40]. Rees et al. [41] indicated that
the management of soil and crops may play an important role on CS, which is consistent with our
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findings. Paddy fields have traditionally been intensively maintained for better rice yield, and many
of the field management in the paddy environment are closely related to C cycling [39]. This study
has shown that crop residues and water management can lead to different rates of soil C losses.
Sainju et al. [42] stated that management practices can increase soil CO2 emissions by devastating
soil aggregates, through aeration, adding residues from plants, and oxidizing soil organic C. They
also stated that soil-to-atmospheric CO2 emissions are the first phase of soil C loss and provide an
initial indicator of soil CS when management practices alter the soil’s organic C. Over the past decade,
a number of CS studies have been published [43–47], all of which were performed over a year or longer,
mostly from upland cropping. This study was conducted on mineral soil over peat in a paddy-fallow
system for one year. If we could summarize the multi-year results, our analysis might be even richer.
But we provide an indication to direct the CS calculation of this particular type of soil in the future by
calculating CS with one-year data.

The NPP ranged from 499 to 530 g C m−2 in this analysis, resulting in a non-significant variance.
Zhang et al. [48] calculated 1578 g C m−2 NPP from rice paddy fields with an application rate of
300 kg N ha−1 in Changshu, Jiangsu, China, which was approximately three times higher than our
result, probably due to different estimation methods, management practices, variety and soil types.
Zhang et al. [47] calculated NPP by adding grain, straw, root, litter and rhizodeposits. In this study,
above ground (grain, straw included litter) and below ground (root) of the rice plant’s biomass was
used for calculating NPP. In addition, Omura et al. [49] estimated NPP (ground truth data) from
Toyama, Akita, Niigata and Yamagata paddy fields in Japan at 1445, 1563, 1572 and 1738 g m−2 (dry
matter wt.), respectively. These values were higher than our NPP, which was between 1182 and 1306 g
m−2 (dry matter wt.). For instance, in Hokkaido University Farm, Shinano et al. [50] reported that the
NPP value for 100 kg N ha−1 fertilized rice was 632 g C m−2, whereas in the absence of N fertilization
it was 170 g C m−2. In addition, Lamptey et al. [51] recorded an NPP value of 859 g C m−2 for 300 kg N
ha−1 fertilized maize, while it was 455 g C m−2 in the absence of N fertilization. These NPP values
of N fertilized rice and maize were higher than those of our investigated fields, possibly due to the
application rate of N fertilizer that was four times higher than that of our N applied.

4.2. Greenhouse Gas Fluxes (Rm, CH4 and N2O)

In this study, Rm from paddy soils showed a nearly twofold flux variability, ranging from 422 to
519 g C m−2 yr−1 (Table 3b), suggesting the levels of Rm altered by agricultural management operations
such as water regime [41]. Residues and water management practices play an important role in
influencing losses of C by respiration. The soil microbial population movement must have altered
considerably in order to take into account the water and residue management observed. Crop residue
preservation strengthens the soil structure and maintains the soil water holding capacity. Water
availability controls microbiological activity and recognizes microbial species in the soil [52]. There is a
relationship between the amount of rice residue and seasonal total Rm which is in agreement with the
findings of Li et al. [7]. Soil microflora and fauna respiration also contribute a significant portion of
the soil CO2 emissions observed by Sainju et al. [42]. We presume that the changes in soil microbial
activity occurred mostly during drainage as a result of changing from anoxic soil under submerged
conditions to aerated soil during drainage period [22].

Compared to D3-S with D1-M and D2-M fields, the annual cumulative CH4 emissions in D3-S
were about 52% higher due to differences in crop residues and drainage effects. This is consistent with
many researchers’ observations [19,53,54] and our previous studies [9]. The D3-S field demonstrated
the maximum efficiency of CH4 production [straw’s efficiency on CH4 production = total CH4 emission
(g C m−2)/total dry matter of crop residue leftover (g m−2)] during the rice growing season, resulting in
high CH4 emissions under the single drainage system as opposed to the double drainage (D1-M and
D2-M) fields. D1-M field showed uptake during the winter-fallow season, which could be attributed to
relatively lower soil temperature causing lower microbe activity, and CH4 uptake began immediately
after harvest, possibly due to deficiency in soil water. Less crop residues and multiple drainage systems
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minimize CH4 emissions from single drainage by 33 to 34%. Compilation of reported CH4 emission
data from major rice growing areas in Asia showed that the average CH4 flux from single and multiple
drainages was 60 and 52%, respectively that of continuously flooded rice fields [55]. The two factors
regulating the CH4 flux in the rice growing season are organic amendments and the water regime.

During the rice-growing and winter-fallow season, very low levels of N2O flux were observed
and significantly differed among the fields (p < 0.05 and p < 0.01, respectively for rice-growing and
winter-fallow period). In this study, total N2O emissions were higher in the fallow season than in the
rice growing season, possibly due to the comparatively low rate of N fertilization, rice straw, and water
management. Nishimura et al. [56] and Toma et al. [57] have reported similar findings. During the
rice growing season, we observed very low N2O emissions, although these fields received enormous
amounts of rice straw and different water management. Straw incorporation in the rice-growing
season tended to decrease N2O emissions [58,59]. The observed declines in N2O in the presence of
straw incorporation during the rice-growing season may be explained by the following: decomposition
of crop residues with a high C:N ratio may enhance microbial N immobilization, resulting in less
N available for nitrification and denitrification, consequently decreased N2O emissions [60,61]. In
fact there is some evidence that even high straw amendments may reduce N2O emissions from rice
fields [62–64]. In contrast, incorporation of plant residues to facilitate N loss has been frequently
observed [65,66]. Granli and Bøckman [67] reported that nitrification progresses gradually when the soil
is continuously submerged with a water layer, while denitrification progresses rapidly towards N2, and
the water layer severely impedes N2O diffusion in the soil. The N2O emission levels from the rice paddy
field to the atmosphere were generally considered to be very small. Normally, low N2O fluxes occur
during flooding times, while high N2O fluxes occur during temporary drainage periods [60,68–70].

Mainly the management practices direct the annual total CO2, CH4 and N2O fluxes. Over the
growing period, water management influenced CO2 and CH4 emissions, although this depended on
the drainage length [71]. These studies also indicate that the effects of straw addition on CH4 emissions
are sturdily dependent on management (water management that promotes aerobic conditions during
drainage) and climatic conditions, as reported in our previous study [34]. It can also be attributed,
however, to the delay in reducing N2O to N2 by denitrification [57].

4.3. Combined Climatic Impact of CO2, CH4 and N2O

There is very limited research on paddy ecosystem GWP, including rice growing and fallow time.
Earlier Zou et al. [60] estimated GWPs using IPCC factors [72] to determine the combined climate
impacts in rice paddies only from CH4 and N2O emissions under various farming practices and not
CO2 emissions estimates. In addition, Xiao et al. [15] estimated net GWP (g CO2 equivalent m−2

yr−1) in paddy field where the GWP of N2O and CH4 emission estimation procedure was quite close
to the reported values in the present study (Table 7). Therefore, the major difference between their
analysis and ours in net GWP resulted solely from the difference in GWPCO2 estimation. The estimate
of GWPCO2 was based on the C budget approach in our study. Robertson et al. [73] and Six et al. [74]
noted that the soil organic C (SOC) transition or soil respiration should be calculated in order to
estimate soil GWP. By calculating shifts in SOC storage, Six et al. [75] and Yu & Patrick [76] measured
the GWP of different soils. The IPCC [1] also recommends using the same approach to measure GWP.

In this study, the annual net GWP values from three paddy fields were higher than those for
paddy and upland crops in other studies might be due to the effects of straw and water management
on CO2-equivalent emissions [71]. Hadi at el. [77] reported that 2091 (g CO2 equivalent m−2 growing
season−1) was net GWP from intermittently drained paddy fields in South Kalimantan, Indonesia.
Moreover, Wu et al. [74] estimated that the net GWP was 890 g CO2 equivalent m−2 yr−1 for the field
that flooded during the rice season but was drained during the mid-season and harvest period. Those
values are lower than our study’s. The trend of net GWP growth is largely driven by the increase
of CH4 emissions from the fields studied. In this study, the fields with positive net GWP showed
that annual GWPCH4 representing 71.9 to 86.1% of the annual net GWP. In seasonal aspect, GWPCH4
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contributed 100% to the annual net GWP mainly from the rice growing period. On the other hand, from
the winter-fallow season, GWPCO2 and GWPN2O contributed 81 to 99% and 73 to 79%, respectively
to the annual net GWP. Under similar environmental conditions, a previous paddy field study was
conducted in the same area; CH4 was estimated to account for 95% of total CO2-equivalent emissions
based on GWP [78]. Xiao et al. [15] recorded an estimated annual net GWP (g CO2 equivalent m−2) of
640 to 1124 in the paddy field, and emissions of CH4 contributed 90% to 99% of net GWP. These results
showed that CH4 dominated the positive net GWP of the rice paddy, while CO2 dominated the upland
crops. The proportion of GWPCO2, GWPCH4 and GWPN2O’s contribution (%) to net GWP was 13.8
to 26.5, 71.9 to 86.1 and 0.13 to 1.61, respectively. This indicates that CH4 was a major contributor to
GWP in the paddy field and was governed by management practices especially residue and water
regimes. However, In line with the results of previous studies, net GWP was dominated by CH4

emissions [79–81].

5. Conclusions

Paddy-fallow cropping systems could be sources of atmospheric CO2, CH4 and N2O. Carbon
sequestration in all paddy fields showed negative values i.e., C loss. Due to the impact of residue
management followed by water management on C fluxes (CO2-C and CH4-C), the loss of C may not
be compensated by NPP. The annual GWPCH4 accounted for 71.9 to 86.1 % of the annual net GWP
and that contribution occurred entirely during the rice growing period. This findings show that CH4

dominated the net GWP of the rice paddy. If this study had been carried out for more than a year,
it would have been addressed better. Nonetheless, the CS estimation method described in this study
will aid progress in calculating C input and loss from paddy soils and will provide us with more precise
ways to assess changes in soil C stocks, thereby reducing the uncertainties underlying soil C stock
predictions in paddy ecosystems. The present study implied that the paddy field is more potent to
loss C than to store C. For paddy-fallow ecosystems, however, management practices such as residue
and water regime may be the main options for managing the C budget. Our process drawbacks for
calculating CS potential (as compared with other methods) as we measured CS using C base gases, i.e.,
CO2-C and CH4-C; very few or none have yet estimated. The degree of increased sequestration of soil
C and conservation of soil C in paddy field is still not well known. To reduce C-based GHG emissions
from paddy fields, more studies with focus on soil C sequestration are required.
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