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A B S T R A C T

Greenhouse gas (GHG) mitigation strategies are often constrained by rice farmers’ preferences, therefore an
assessment of mitigation strategies taking farmers’ constraints into consideration, are important for their pos-
sible adoption. The field experiments were conducted for two continuous rice-growing seasons in northern
Vietnam, to evaluate the effectiveness of drainage patterns on methane (CH4) and nitrous oxide (N2O) emissions
under farmers’ variable conditions. Two improved drainage practices (pre-planting plus midseason [PM] drai-
nage and early-season plus midseason [EM] drainage) were compared with local practices of water management
(midseason drainage [M] and conventional continuous flooding (control) [C]) with full residue [F] and reduced
residue [R] (local practice of residue management) incorporation. The GHG mitigation potential of water re-
gimes was tested in two water management systems (efficient field water management [EWM] system and
inefficient field water management [IWM] system). In EWM system, EM resulted an average 14% and 55%
reduction in CH4 emissions compared to M with R and F respectively. The EM lowered the CH4 emissions by 67%
and 43% compared to C in the EWM and IWM respectively. The EM and PM resulted in higher N2O emissions
compared to M (25–36%) and C (42–43%) in both systems. The contribution of increased N2O emissions with
EM and PM to global warming potential (GWP) was negligible. EM reduced the GWP by 42% compared to C with
F in the IWM system, and by 20–52%, 30–62% and 66% compared to M, PM and C respectively in the EWM
system. Furthermore, greenhouse gas intensity (GHGI) reduced by 22–72% in the EWM than in IWM. This study
demonstrates that efficient field water management system has a positive impact on over-all GHG mitigation
potential of drainage practices in farmers’ field conditions.

1. Introduction

Paddy fields are a major source of agricultural methane (CH4)
emissions, contributing about 20–40 Tg CH4 year−1 and thus ac-
counting for nearly 20% of anthropogenic global CH4 emissions (Yan
et al., 2009). CH4 production and emissions from paddy fields depend
on the availability of organic carbon and anaerobic soil conditions (Sass
et al., 1991). Emission of another major greenhouse gas (GHG), nitrous
oxide (N2O), from rice fields is associated with soil water and nitrogen
status (Wang et al., 2011; Skinner et al., 2014), but globally rice pro-
duction is not an important source of N2O emissions due to often highly

anaerobic paddy conditions, in which complete reduction of N2O into
N2 occurs (Granli and Bøckman, 1994).

Rice farmers are often constrained in their options for sustainable
management of rice straw (for animal feed, composting, biogas and
biochar etc.) due to practical infeasibility, lack of incentives and ex-
pensive labor (Haider, 2013). In the Red River Delta, rice-cropping
systems are based on an intensive double rice-crop rotation. So, farmers
have very little flexibility to shift harvest and planting times for sus-
tainable residue management. Ultimately, farmers burn rice residues in
the open fields for fast cleaning and land preparation (Truc et al.,
2012). Open burning of rice residues results in loss of major nutrients
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and emission of toxic gases such as carbon monoxide, hydrocarbons,
volatile organic compounds and inhalable particles (Pathak and
Wassmann, 2007; Romasanta et al., 2017). Residue burning is be-
coming increasingly restricted in Vietnam (Hai and Tuyet, 2010).
Therefore, farmers have to dispose of rice straw by incorporating it into
the soil due to the lack of alternative residue management options.

Incorporation of rice residues in paddy fields leads 50–60% increase
in CH4 emissions (Wang et al., 2012). The CH4 emissions from crop
residues are more concentrated in the early incorporation stage, due to
readily available carbon (Watanabe et al., 1999). Therefore, it is be-
coming important to modify the farmers’ conventional water manage-
ment practices to reduce CH4 emissions from added rice residues. Soil
drainage in the early stage of residue incorporation has been found to
lower the CH4 emissions by 45–74% (Tariq et al., 2017). Wang et al.
(2012) found 60% reduction in CH4 emissions with midseason drainage
from residue amended paddy fields in South China. Pandey et al. (2014)
found 64% less global warming potential (GWP) with Alternate wetting
and drying (AWD) from organic amended paddy fields in northern
Vietnam. Triol-Padre et al. (2017) recorded a 21–38% reduction in CH4

emissions with a 4% increase in rice grain yield with AWD compared to
continuous flooding in the delta lowland of Central Vietnam. Despite
the benefits of reduced GHG emissions and increased rice yield from
improved water management practices, farmers often face practical and
technical constraints in implementing these systems (Ly et al., 2013;
Searchinger et al., 2014).

The mitigation and yield potential of improved water management
practices has been quite extensively tested and studied under controlled
conditions on research farms and in greenhouses. However, little is
known about the actual performance of improved water management
practices to mitigate GHG emissions in farmers’ variable field condi-
tions (Searchinger et al., 2014). The design and testing of improved
water management practices on farmers’ field conditions allow to
identify the mitigation potential and adoption capacity of improved
drainage practices in less efficiently controlled farmers’ systems.

It is very important to consider the diversity and constraints of rice
farmers’ in residue and water management to test the efficiency and
possible implementation of improved water management practices on
farmers’ fields. This study was conducted in the fields of different farm
households with the following objectives: i) to assess the effectiveness
of drainage practices at reducing the total GHGs (combined methane
and nitrous oxide emissions) with residue incorporation, ii) to de-
termine the mitigation potential of drainage practices under water
management systems with an efficient and inefficient water control in
farmers’ fields.

2. Material and methods

2.1. Site description

The study site is in An Luong village, An Lam commune, Nam Sach
district, Hai Duong province, 80 km east of Hanoi in northern Vietnam
(21° 0.298′N, 106° 21.254′E) in the Red River Delta (Fig. S1). The ty-
pical cropping system in this area is spring rice followed by summer
rice, and then winter fallow or onion/vegetables. The ministry of
agriculture started the AWD project in An Luong village in 2013 with
the aim of implementing AWD practices. The project area covers 15 ha
of the village’s 90 ha of paddy fields, and has an adequate infrastructure
for efficient field water control. In the remaining paddy area, field
water control is inefficient due to poorly developed field canals. The
climate in the area is humid sub-tropical with annual precipitation of
2029 mm, and maximum rainfall occurring during the months of May,
July and August (Fig. S2). The mean monthly temperature varies from
16 °C (February) to 30 °C (June–July) (Fig. S2). The soil in the area is
generally classified as alluvial, with poor soil structure and low fertility.

2.2. Experimental design and field management

The two-rice cropping season field trials were conducted on 24 farm
fields of households in two water management systems. Twelve fields
were in the system with an efficient field water management [EWM],
and twelve fields were in the system with an inefficient field water
management [IWM]. In the EWM system, water drainage is easier and
more applicable due to presence of proper infrastructure to fill and
drain water in the fields and cooperate management. In the IWM
system, water control is not as efficient due to the lack of a specific
infrastructure and individual management by farmers. The fields
usually remain saturated during the drainage period in the IWM system.
In the winter season, farmers grow onion/vegetables in EWM system,
and leave fields fallow in IWM system. The detail on field management
in EWM and IWM systems is given in the Supplementary data.

Water and residue treatments were designed in line with the par-
ticipatory approach (Vereijken, 1997; Le Bellec et al., 2012), bearing in
mind the farmers’ practices and constraints (Tariq, forthcoming). Four
water treatments were applied: i) conventional continuous flooding
(control) [C], ii) midseason drainage [M], iii) pre-planting plus mid-
season drainage [PM], and iv) early-season plus midseason drainage
[EM]. The water treatments were replicated three times as one treat-
ment replicate per household in both the EWM and IWM systems
(Fig. 1a). Two residue treatments were applied: i) full residue in-
corporation [F] and ii) reduced residue incorporation [R] (farmers’
practice of partial residue burning and incorporation). Residue treat-
ments were applied on each main field plot of the household by di-
viding it into two subplots of 50 m2, with residue treatments randomly
distributed on subplots. The C water treatments only receive F residue
treatments.

In the C water treatments, the plots were continuously flooded with
water from mid-January to mid-September, and only drained for
10 days before harvesting (Fig. 1b). During flooding periods, water
table was 3 to 6 cm and 7 to 10 cm above the ground surface in spring
and summer season respectively. In the M water treatments, irrigation
was stopped at the end of the tillering stage in both seasons. During
spring season, irrigation was stopped at 48 days after transplanting
(DAT) and re-flooded at 59 DAT. During the summer season, irrigation
was stopped at 35 DAT and re-flooded at 45 DAT. In the PM water
treatments, water was drained out from fields for five days before
transplanting (i.e. during land preparation) in both seasons. In the pre-
planting drainage, fields were not fully dried but saturated in spring
season, and water table lowered to 2 cm below the ground surface in
summer season. In the EM water treatments, fields were drained from
15 to 21 DAT in both seasons. In the spring season, water was drained
out from the field, but in the summer season fields were allowed to
drain by natural evapotranspiration. Both the PM and EM treatments
follow the M treatment in both seasons. In M and EM treatments, water
table goes below the ground surface up to 4–6 cm in spring and
8–10 cm in summer. In F residue treatments, all the residues left after
removing the rice grains were incorporated into the soil. While in R
residue treatments, the residues were incorporated according to
farmers’ practices in both seasons (Table S1). The residues were applied
at the rate of 5.5 t ha−1 in F residue treatments in both EWM and IWM
systems in both seasons. In EWM system, 4.0 t ha−1 residue was applied
in R treatments in both seasons. In IWM system, residue was applied at
the rate of 3.5 t ha−1 in spring season, and 4.0 t ha−1 in summer
season. The rate of incorporated residues was estimated by taking the
residue samples per m2. The straw sampling and analysis is explained in
the following section.

All plots were tilled twice with a rotavator and a 20-cm deep plough
before transplanting. Twenty-day-old seedlings were transplanted with
a spacing of 20 × 20 cm and with 3–4 seedlings per hill. Farmers ap-
plied the nutrients in the form of urea, single super phosphate, po-
tassium chloride and NPK (10-5-10) fertilizers. The rate of fertilizer
application is presented in Table 1. In the spring season, all P and 40%
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N were applied as a basal dose, 30% N and 50% K at 12 DAT, and the
remaining 30% N and 50% K at 40 DAT. In the summer season, all P
and K and 50% of N were applied at 4 DAT, and the remaining 50% N
was applied in two doses at 14 and 25 DAT.

2.3. Soil and straw sampling and analysis

Soil samples were collected before the spring season. Three random
samples were taken from the plot of each household at 0–20 cm depth

with a soil core, thoroughly mixed and one composite sample was
prepared for each household. Soil samples were analyzed for pH (1 M
KCL), bulk density, organic carbon, total N, total P, total K and soil
texture (sand, silt and clay) at the Institute for Agricultural
Environment in Hanoi, Vietnam. Soil pH was analyzed with a pH meter
(Hanna Hi 8424, Italy), organic C was determined with the
Walkley–Black method (Walkley and Black, 1934), and total N was
analyzed using the Kjeldahl method. Total P and K were determined
after digestion with concentrated sulphuric acid and nitric acid (1:1;
v:v). Soil texture analysis was performed using the hydrometer method.
Soil chemical and physical properties are listed in Table 2.

Straw samples were collected before the spring and summer season.

Fig. 1. Layout of treatments in the farmers’ fields (a); timing of gas sampling, water regimes and crop management (b) in the spring and summer seasons.

Table 1
The properties of incorporated rice straw and amounts of mineral nutrients applied in
efficient field water management [EWM] system and inefficient field water management
[IWM] system in spring and summer rice seasons. Values represent the means of
households in each system with standard deviations in brackets, n = 12. The upper-case
letters reflect a significant difference (p < 0.05) between the two systems.

Spring season Summer season

EWM IWM EWM IWM

Properties of rice straw
Total C (g kg−1) 329.3 (40)B 390.6 (47)A 389.2 (4) 394.1 (8)
Total N (g kg−1) 9.5 (2)A 6.8 (2)B 7.8 (1) 8.2 (1)
C:N ratio 37 (14)B 63 (22)A 50 (5) 48 (6)
Dry matter contents (%) 32.5 (3) 30.2 (4) 29.8 (2) 29.7 (3)

Nutrient applied
N (kg ha−1) 132 (26) 139 (24) 138 (16) 140 (16)
P (kg ha−1) 14 (11) 12 (10) 12 (6) 12 (8)
K (kg ha−1) 52 (12) 42 (14) 89 (19) 88 (19)

Table 2
Properties of soil in efficient field water management [EWM] system and inefficient field
water management [IWM] system. Data represent the means of households in each
system with standard deviations in brackets, n = 12. The upper-case letters reflect a
significant difference (p < 0.05) between the two systems.

EWM IWM

pH(KCL) 5.14 (0.17) 5.16 (0.17)
Bulk density (g cm−3) 1.20 (0.06) 1.16 (0.05)
Organic C (g kg−1) 9.11 (1.83)B 13.0 (0.85)A

Total N (g kg−1) 0.69 (0.37)B 1.06 (0.37)A

Total P (g kg−1) 0.80 (0.29)A 0.47 (0.06)B

Total K (g kg−1) 4.55 (0.67)B 7.84 (0.70)A

Sand (%) 51.03 (0.60)A 32.95 (2.28)B

Silt (%) 38.29 (0.87B 45.19 (1.13)A

Clay (%) 10.69 (1.06)B 21.87 (2.25)A
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The straw samples were dried naturally in the sun for two weeks and
then put in the oven at 60 °C for 48 h to constant weight. The total
carbon and nitrogen contents in the straw samples were analyzed using
an elemental micro-analyzer (vario MICRO cube, Elementar, Germany).
The properties of the straw incorporated in the spring and summer
seasons are shown in Table 1.

2.4. Gas sampling and analysis

The CH4 and N2O sampling campaign was carried out from 6
February 2016 to 27 September 2016 for a total of 31 sampling dates,
divided into the spring season (14 samples from 6 February to 14 June)
and the summer season (17 samples from 29 June to 27 September).
Sampling frequency was intensified in line with the water treatments
(drainage periods, flooding) and fertilization period, when the high
fluxes were expected (Fig. 1b). All gas samples were taken between
8.30am and 11.30am. Gas samples were collected using the vented,
static closed chamber method following the recommendations of
Rochette and Eriksen-Hamel (2008). The stainless-steel base chambers
(40 cm long, 36 cm wide and 35 cm high) with a groove on the top were
inserted into the soil up to a depth of 10 cm. Two holes were provided
in the opposite walls of the base chamber to maintain water equili-
brium. The holes were sealed with a rubber stopper one hour before gas
sampling. Bamboo bridges were installed to access the chambers
without disturbance. During the gas sampling, rectangular Plexiglas top
chambers (90 cm high) were fitted on the groove of the base chamber
by means of a water seal. The top chambers were equipped with a gas
sampling tube connected with a three-way stopcock, two small battery-
driven fans to ensure sufficient mixing of the air inside the chamber,
and a digital thermometer. A pressure vent valve (4 m long and 1.5 mm
internal diameter) was installed in the top chamber according to Lindau
et al. (1991), to maintain gas pressure equilibrium during sampling.
The gas sampling tubes were flushed five to seven times with chamber
air before the gas samples were collected. The gas samples were col-
lected with 50 ml propylene syringes at 0, 10, 20 and 30 min after
chamber closure. Immediately after collection, the gas samples were
injected into 3-ml evacuated vials closed with butyl rubber septa
(12.5 mm diameter, Exetainer Labco Ltd, UK). After gas sampling, the
vials were shipped immediately to the Department of Plant and En-
vironmental Sciences at the University of Copenhagen in Denmark for
analysis.

The CH4 and N2O concentrations in the collected samples were
measured simultaneously by a gas chromatograph (Bruker 450-GC
2011) equipped with a flame ionization detector and electron capture
detector. CH4 was determined by a flame ionization detector at 300 °C,
and N2O was determined by electron capture detector at 350 °C. Helium
(99.99%) and argon (99.99%) were used as carrier gases for CH4 and
N2O respectively at a flow rate of 60 ml min−1. The oven temperature
was set at 50 °C. The fluxes of CH4 and N2O were calculated according
to Smith and Conen (2004) for linear or nonlinear development of
headspace concentration. The cumulative emissions of CH4 and N2O for
each season were sequentially measured by trapezoid formula from the
emissions between each two-adjacent interval (Ly et al., 2015). The
global warming potential (GWP) was calculated over the 100-year time
scale by using IPCC GWP factors 28 and 265 to convert CH4 and N2O
into CO2 equivalents without the inclusion of climate-carbon feedback
(Myhre et al., 2013). Greenhouse gas intensity (GHGI) is GWP relative
to rice yield and this was also calculated by dividing GWP by rice grain
yield. The uncalibrated N2O emission factor (EF) was estimated as a
percentage amount of N emitted as N2O-N per unit of N applied by
farmers without subtracting the background (control) N2O-N emission
(Zou et al., 2005). There was no treatment with zero fertilizer appli-
cation, since experiments were conducted on farmers’ fields.

2.5. Additional measurements

Rice grain yields were calculated at the end of each season by
harvesting and manually threshing three 1-m2 areas from each treat-
ment. To determine the dry matter contents of rice grains, 200 g of rice
grains were oven-dried at 80 °C to constant weight.

2.6. Statistical analysis

The cumulative fluxes of CH4 and N2O emissions, GWP, rice grain
yield and GHGI were determined by a linear mixed effect model with
random effects of households using the R software package (R Version
3.3.0) for both spring and summer separately. The linear mixed model
consisted of the fixed effect of the water management systems (EWM
and IWM), water treatments (PM, EM, M and C), and straw treatments
(F and R). The statistical models were validated by residual and normal
quantile plots. All responses except CH4 in the spring season were
analyzed on their natural scale, and CH4 in the spring season was
square-root transformed to achieve variance homogeneity. To avoid
large variability in observations, one-way ANOVA was also performed
to test the significance of water treatments within each residue treat-
ment. The treatments mean comparison was considered significant at
p < 0.05 level using the Tukey-Kramer test.

3. Results

3.1. Methane emissions

The CH4 fluxes were higher in the summer than the spring season
(Fig. 2). In the spring season, CH4 fluxes reached their maximum in the
middle of the season. While, in the summer season, higher CH4 fluxes
were observed early in the season. The higher CH4 fluxes were observed
in IWM system compared to EWM system under C treatment in the
spring season, however there was no difference in summer season. The
highest CH4 fluxes were observed in the F compared to the R under C, M
and PM treatments (Fig. 2a–c). In the EM, the R and F showed similar
CH4 fluxes (Fig. 2d). The CH4 fluxes were reduced following the mid-
season drainage in M, PM and EM treatments and then increased after
the fields were re-flooded. The pre-planting drainage in PM showed no
effect on CH4 fluxes under either water management system in either
season. The early-season drainage in EM lowered the CH4 fluxes from
the F under both water management systems in both seasons.

Total accumulated CH4 emissions were significantly (p < 0.05)
lower in the EWM system than in the IWM system under C treatment in
spring season (Table 3). Significantly (p < 0.05) higher CH4 emissions
were observed in the IWM system compared to the EWM system under
EM treatment in both seasons. The EM significantly (p < 0.05) re-
duced CH4 emissions compared to the M, PM and C treatments with F
treatment under both water management systems in both seasons.
While, with R treatment, EM significantly (p < 0.05) reduced CH4

emissions only in the EWM system in the spring season. The F resulted
in significantly (p < 0.05) higher CH4 emissions than R under PM in
both seasons, and under M in the summer season.

3.2. Nitrous oxide emissions

Higher peaks of N2O fluxes were observed in the spring than in the
summer season (Fig. 3). The highest peaks of N2O fluxes generally co-
incided with fertilization and drainage events. The initial high peaks
(5–10 mg N2O m−2 day−1) in the C, M and PM treatments corre-
sponded to the fertilization in both seasons (Fig. 3a–c). The initial high
peaks in the EM corresponded to early-season drainage in both seasons
(Fig. 3d). The following high N2O peaks in the C, PM and EM treatments
occurred in connection with the fertilization in both seasons. In M
water regime second high N2O peak was observed during midseason
drainage in the summer season (Fig. 3b). The exceptionally high peaks
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Fig. 2. Seasonal variation in CH4 fluxes (mg CH4 m−2 day−1) over two rice seasons as a function of the efficient field water management [EWM] system and inefficient field water
management [IWM] system with four water treatments; continuous flooding [C], midseason drainage [M], pre-planting plus midseason drainage [PM], and early-season plus midseason
drainage [EM], and two residue amendments; full residue incorporation [F] and reduced residue incorporation [R]. Values represent the mean of three replicates/households ± standard
error. Water regime indicated below each figure: grey represents flooded and white represents drained periods. The abbreviations below the figure represent the field management events:
Ti (tillage), T (transplanting), F (fertilization) and H (harvesting).
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of N2O at 21, 27 and 47 DAT in spring season were caused by one very
high N2O flux in one of the three replicates. The N2O fluxes were not
consistent due to variability in fertilization between households
(Table 1).

Significantly (p < 0.05) higher N2O emissions were observed in
the EWM system as compared to the IWM system only in the spring
season (Table 3). The N2O emissions were not significantly (p < 0.05)
different between treatments in summer season. The proportion of ap-
plied N emitted as N2O-N was significantly (p < 0.05) higher in the
EWM (1.5% to 2.8% of N applied) system compared to the IWM (0.4%
to 1.4% of N applied) system in spring season (Table 3). In the summer
season, N2O-EF was not significantly (p < 0.05) different between the
water and residue treatments, and EF values fall below the 1%. The PM
and EM treatments resulted in significantly (p < 0.05) higher N2O
emission factor compared to M with R treatment under both systems in
spring season, and with F treatment under EWM system in summer
season.

3.3. Global warming potential (GWP)

GWP was calculated for CH4 and N2O emissions in both seasons
(Table 4). GWP was significantly lower (p < 0.05) in the EWM system
as compared IWM system under EM treatment in both seasons. The EM
treatment significantly (p < 0.05) lowered the GWP compared to the
C, M and PM treatments with F residues in the EWM system. The C
treatment significantly (p < 0.05) increased the GWP compared to M,
PM and EM under both systems in both seasons. The F treatment

resulted in significantly (p < 0.05) higher GWP compared to R in M
and PM, but showed non-significant (p < 0.05) difference in EM under
both systems in both seasons.

3.4. Rice grain yield and greenhouse gas intensity (GHGI)

The farmers’ rice grain yield was higher in the spring season com-
pared to the summer season (Table 4). A significantly (p < 0.05)
higher grain yield was observed in EWM system compared to the IWM
system in both seasons.

Greenhouse gas intensity (GHGI), i.e. yield-scaled GWP was higher
in the summer than in the spring season (Table 4). A significantly
(p < 0.05) higher GHGI was observed in all water and residue treat-
ments under IWM system compared to the EWM system in both seasons,
with exception of M with R in summer season. The EM significantly
(p < 0.05) lowered the GHGI compared to C with F under both water
management systems in both seasons.

3.5. Soil and straw characteristics

The IWM system was slightly low lying, and therefore had more of
the fine particulate sediments from the floodplain (Table 2). This also
explained why total C, N and K was higher in the IWM system than in
the EWM system. Total P contents was higher in the soils under EWM
system than IWM system. This is attributed to high P fertilization and
retention due to three crops rotation (spring rice-summer rice-winter
vegetable) in EWM system than two crops rotation (spring rice-summer

Table 3
Cumulative CH4 and N2O emissions, and N2O emission factor (EF) in spring and summer rice seasons under efficient field water management [EWM] system and inefficient field water
management [IWM] system with four water treatments; continuous flooding [C], midseason drainage [M], pre-planting plus midseason drainage [PM], and early-season plus midseason
drainage [EM], and two residue amendments; full residue incorporation [F] and reduced residue incorporation [R]. Values represent the mean of three replicates/households
(± standard error). The upper-case letters reflect a significant difference (p < 0.05) between residue amendments collectively in both systems within each water regimes; lower case
letters indicate a significant difference (p < 0.05) between water regimes in each residue amendment separately.
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rice-winter fallow) IWM system.
Carbon contents and C:N ratio of incorporated rice straw were sig-

nificantly (p < 0.05) higher under IWM system than EWM system in
spring season (Table 1). The lower carbon contents of spring in-
corporated residues in the EWM system was because of more

decomposition of rice residues lying on onion/vegetable bridges than of
the standing residues in fallow fields. The straw incorporated in the
summer season showed no significant (p < 0.05) differences in C and
N content between two systems.

Fig. 3. Seasonal variation in N2O fluxes (mg N2O m−2 day−1) over two rice seasons as a function of the efficient field water management [EWM] system and inefficient field water
management [IWM] system with four water treatments; continuous flooding [C], midseason drainage [M], pre-planting plus midseason drainage [PM], and early-season plus midseason
drainage [EM], and two residue amendments; full residue incorporation [F] and reduced residue incorporation [R]. Values represent the mean of three replicates/households ± standard
error. Water regime is indicated below each figure: grey represents flooded and white represents drained periods. The abbreviations below the figure represent the field management
events: Ti (tillage), T (transplanting), F (fertilization) and H (harvesting).
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4. Discussion

4.1. Efficiency of drainage patterns to reduce methane emissions

The conventional practice based on continuous flooding of paddy
fields is a significant source of CH4 emissions. Modification of con-
ventional water practices is essential in order to reduce the CH4 emis-
sions when rice residues are incorporated into the soil, otherwise there
will be a risk of higher CH4 emissions from rice fields. This two-seasons
participatory study in farmers’ fields in north of Vietnam provides
evidence that drainage practices can have a significant effect on CH4

mitigation from intensive rice production systems.
It is likely that the higher CH4 emissions in the summer compared to

the spring season were due to the higher summer temperature. The
mean seasonal temperature was 24 °C and 30 °C in the spring and
summer seasons respectively (Fig. S2). High temperatures in the
summer season accelerate residue decompositions (Tang et al., 2014)
and alter microbial activities (Dalal et al., 2008), which may be the
driver for high CH4 emissions. Furthermore, high air temperatures
during the summer season increase the aerenchyma conductance
(Kludze et al., 1993), resulting in high CH4 transport from soil to at-
mosphere.

The early season peaks in CH4 emissions during the summer season
were due to the availability of readily available carbon from fresh
straw. However, these peaks were absent in the spring season (Fig. 2).
Winter degradation of rice straw and low temperatures are likely to
have been responsible for the lack of early spring season CH4 peaks.
Yang and Chang (2001) reported a similar pattern of CH4 emissions in
two rice cropping seasons in Taiwan. Ly et al. (2013) also found similar

peaks following the incorporation of residues from previous rice crops.
In the present study, F residue treatment resulted in an increase CH4

emissions of 45–52% and 24–47% under the M and PM treatments
respectively, compared to R treatment. Romasanta et al. (2017) found
40–54% higher CH4 emissions with complete residue incorporation
than with partial incorporation (35 cm remaining stubbles, ca. 50%
residue incorporation). Bossio et al. (1999) also reported significantly
high CH4 emissions with full residue incorporation compared to partial
residue incorporation.

It was hypothesized that drainage early in the season has long-
lasting seasonal CH4 mitigation effects (Tariq et al., 2017). Soil aeration
in the early stage of straw incorporation resulted in rapid oxidation of
straw carbon, which results in less CH4 emissions in the later growth
stage (Tariq, forthcoming). Soil aeration leads to increased soil Eh (Zou
et al., 2005), which suppressed the methanogenic activity and facilitate
CH4 oxidation by methanotrophs (Woese et al., 1978). In the present
study of farmers’ fields, EM treatment effectively lowered the CH4

emissions than C, M and PM treatments under EWM system in both
seasons (Table 3). However, the PM treatment showed no significant
reduction in CH4 emission than C and M treatments under both systems.
The lower effectiveness of PM than EM in CH4 emission reduction was
primarily due to less effective soil drainage during the pre-planting
compared to the early-season. Further, the differences in CH4 emission
reduction in the EM treatments between the EWM and IWM systems
were mainly due to the good aeration of the soil in the EWM system
compared to the IWM system, where soil was kept saturated during the
drainage periods. In an earlier growth chamber pot experiment, EM
drainage was found to have the potential to mitigate 75–90% of CH4

emissions compared to M drainage (Tariq et al., 2017). Ly et al. (2015)

Table 4
Rice grain yield, global warming potential (GWP) and greenhouse gas intensity (GHGI) in spring and summer rice seasons under efficient field water management [EWM] system and
inefficient field water management [IWM] system with four water treatments; continuous flooding [C], midseason drainage [M], pre-planting plus midseason drainage [PM], and early-
season plus midseason drainage [EM], and two residue amendments; full residue incorporation [F] and reduced residue incorporation [R]. Values represent the mean of three replicates/
households (± standard error). The upper-case letters reflect a significant difference (p < 0.05) between residue amendments collectively in both systems within each water regimes;
lower case letters indicate a significant difference (p < 0.05) between water regimes in each residue amendment separately.
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reported a 45–71% reduction in CH4 emissions from rice straw
amended paddy soils following early-season drainage in a similar pot
experiment. Lu et al. (2000) reported 61% CH4 reduction by AWD
practices compared to continuous flooding in southeast China. It is
important to note that the CH4 mitigation potential of drainage prac-
tices is higher in the system where there is an adequate control of water
compared to inefficient water control system in farmers’ fields.

4.2. Nitrous oxide emission with different drainage patterns in farmers’
fields

Increased N2O emissions following N-fertilizer application is com-
monly reported due to easily available mineral N for microbial turnover
(Das and Adhya, 2014). In the present study, high N2O fluxes occurred
following the fertilization (Fig. 3). This was probably due to the high
availability of mineral N for nitrifying bacteria (Linquist et al., 2015).
Cui et al. (2012) reported that N-fertilizer application in flooded rice
fields results in increased N2O fluxes, amounting to 73% of yearly
emissions. The lack of N2O fluxes after the first fertilization events in
both seasons were probably associated with rapid plant uptake, as well
as immobilization by microorganisms due to the high C:N ratio of rice
straw (Das and Adhya, 2014). Comparatively low N2O fluxes were
observed in continuously flooded fields. Cai et al. (1997) reported very
low N2O fluxes during continuous waterlogged conditions and high
fluxes just after the water table is lowered. The initial N2O peaks in the
EM showed a connection with early-season drainage in both seasons.
The aeration of continuously flooded rice fields release the trapped N2O
in the soil solution and provide favorable conditions for N2O production
(Cai et al., 1997).

The total seasonal N2O emissions was lower during the summer
season (< 1 kg N2O ha−1) than spring season (between 1 and
2 kg N2O ha−1), which could be related to lower field water levels
during the spring season. However, the sampling frequency was lower
in the spring season as compared to summer season (Fig. 1b). At the
same time spring season was longer than summer season. These both
factors (sampling frequency and duration of season) likely contribute to
the differences found in cumulative N2O emissions of the two seasons.
The significantly (p < 0.05) lower N2O emissions in the IWM system
than EWM system in the spring season could be due to the higher C:N
ratio of added residue in the IWM (63) system than in the EWM (37)
system (Table 1). Xia et al. (2014) reported that crop residues with a
C:N ratio greater than 40 stimulate microbial N-immobilization. Fur-
thermore, total N2O emissions in this study were lowered as compared
the other field studies (Xu et al., 2004; Zou et al., 2005). The sampling
frequency in this study was probably not high enough to capture all
N2O peaks which often last for few hours or days only (de Klein and
Harvey, 2015). Therefore, some N2O peaks might have been missed
while others might not last for as long as it is shown in Fig. 3. However,
in this study, sampling frequency (∼7–10 days) is in general agreement
with common GHG sampling practices (Sander and Wassmann, 2014)
and thus we consider our cumulative N2O emission results as valid
findings to report. The estimated N2O emission factors were lower in
the IWM system (<1% of N applied) than in the EWM system (>2% of
N applied). This could be related to the high nitrogen losses through
water run-off in the IWM system. Furthermore, a significantly lower
yield in the IWM system than in the EWM system explained the ex-
cessive nutrient loss in the IWM system (Table 4). Nutrient loss through
water run-off and evaporation was not measured during the study
period.

4.3. Global warming potential (GWP)

GWP (kg CO2 equivalent ha−1) of CH4 and N2O emissions over the
100-year time scale were estimated in order to assess the integrated
effect of water and residue treatments under different water manage-
ment systems. The net CO2 emissions and soil organic carbon changes

were not considered in the present study since significant changes occur
over a longer period than that of the field study. CH4 contributions to
GWP were significantly (p < 0.05) high compared to N2O, with the
share of CH4 being more than 95% of total GWP. Linquist et al. (2015)
and Peyron et al. (2016) also reported a significant reduction in GWP
associated with a reduction in CH4 emissions, with the contribution of
N2O being minimal in the flooded paddy field experiments.

The EM treatment resulted in a reduction of GWP by 52%, 62% and
66% compared to M, PM and C respectively in the EWM system. In the
IWM system, EM resulted in a significant reduction (42%) in GWP
compared to the C only. In an earlier pot study, there was a 72% re-
duction in GWP with EM compared to the M from residue amended
soils (Tariq et al., 2017). In the present study, the EM significantly
(p < 0.05) lowered the GWP compared to C, M and PM only under
EWM system. The differences between the farmers’ efficient and in-
efficient field water management systems, and the fully controlled pot-
trial system underlined the importance of the actual, in-field water
control system in reducing the overall GWP.

4.4. Rice grain yield and greenhouse gas intensity

The rice grain yield was not greatly affected by the treatments
within the systems, but lower rice grain yields were observed in the
IWM system than in the EWM system (Table 4). Wang et al. (2011) also
found no significant differences in rice yield following different residue
and nutrient amendments. The lower GHGI in the spring than summer
season was related to very low CH4 emissions in the spring season. The
GHGI was significantly higher in the IWM system compared to the EWM
system, which was attributed to the significantly higher CH4 emissions
and low rice yield in the IWM system in both seasons (Tables 3 and 4).
Zhang et al. (2016) found that significant changes in GHGI between
management practices were related to differences in rice yield. The
higher rice yield in EWM than IWM system is more likely related to
effective water management., which improve the nutrient and water
use efficiency that consequently increase the yield. EM was the only
water treatment that significantly lowered GHGI compared to C in the
spring (50–64%) and summer (45–48%) seasons, with similar rice
yields. This is attributed to reduction in CH4 emissions and GWP under
EM than C treatment. Linquist et al. (2015) reported a 45% reduction in
GHGI following AWD practices early in the season, which is attributed
to significantly lower CH4 emissions and GWP. Feng et al. (2013) also
found CH4 emission to be a significant factor for GHGI, since all the
organic amendments have similar impacts on N2O emissions and rice
yield. Li et al. (2006) and Liang et al. (2016) found that improved water
management practices significantly lower the GHG emissions without
compromise on farmers’ rice yield.

This study clearly showed that significant differences in GHGI be-
tween the water management systems and in water treatments are
mainly related to differences in CH4 emissions and GWP reduction,
while rice yield was same.

5. Conclusions

These two-season trials in farmers’ fields with variability in farmers’
practices, residue amendments and field water management systems is
a good way of testing and comparing the efficiency of drainage prac-
tices on GWP of rice production. The potential of improved drainage
practices to mitigate the total GHGs effect of CH4 and N2O emissions
were tested with residue integration in water management systems with
an efficient and inefficient field water management. The results iden-
tified that the fields’ water management system and drainage patterns
were major factors in reducing CH4 emissions. The EWM system re-
duced CH4 by 15–20% and GWP by 12–15% than the IWM system. The
EM treatment showed the potential to mitigate CH4 emissions com-
pared to other water treatments. The efficiency of water management
system to control the field water influenced the GHG mitigating
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potential of drainage practices. The CH4 emission was reduced by
14–55% and 43–67% with EM compared to M and C. The PM showed
no significant reduction in CH4 emissions compared to C and M, since
pre-planting drainage was not as efficient as early-season drainage due
to the constraints with farmers’ field operations under both water
management systems. This study suggests that EWM system and EM is
an effective for mitigating the overall GWP without yield loss.

For further studies, a long-term continuous farmer field experiment
is proposed to identify the long-lasting mitigation potential of drainage
practices and the net carbon balance of added rice residues and gaseous
carbon emissions.
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