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A B S T R A C T

Rice paddy fields are one of the world’s largest anthropogenic sources of methane (CH4). With the largest area of
rice paddy fields, China is experiencing a rapid shift from conventional seedling-transplanted rice (TPR) to
direct-seeded rice (DSR) due to efforts to introduce labor-saving practices. However, the potential effect of this
change on agricultural ecosystem CH4 flux (FCH4) are less studied and remain poorly understood. Here, we
analyze FCH4 measured with the eddy covariance technique over a rice paddy where TPR was applied in 2013
and DSR in 2016. Meteorological conditions (i.e., friction velocity, radiation and temperature) between the two
growing seasons were similar. However, compared to the TPR system, cumulative CH4 emissions in the DSR
system were 25% higher (610.5 ± 73.3 vs 488.8 ± 56.2 kg CH4 ha−1). The increase in CH4 emissions mainly
occurred during the flooding periods (i.e. DOY 173–203 and 222–260). After eliminating the effect of differences
in weather conditions and water management practices between the TPR and DSR systems, daily CH4 emissions
in the DSR system remained significantly higher than in the TPR system. Gross ecosystem productivity (GEP) and
rice density were higher in the DSR system than in the TPR system. Cross correlation and wavelet coherence
analyses showed that FCH4 were significantly correlated to GEP. Thus, increased CH4 emissions in the DSR system
are most likely due to greater GEP, which was associated with higher rice plant density. With the rapid de-
velopment of DSR, a scientifically sound reduced seeding density could be a promising strategy to reduce CH4

emissions.

1. Introduction

Methane (CH4) is the third most important greenhouse gas after
water vapour and carbon dioxide. 11% of the total annual anthro-
pogenic CH4 emissions are emitted by rice paddies (Smith et al., 2007),
which provide the dominant staple food crop for over 5 billion people
worldwide. According to the Food and Agriculture Organization of the
United Nations, 30% of the world’s rice was produced in China from

1994 to 2014. Thus, much effort was put into decreasing the CH4

emissions in this region. For example, novel agricultural management
practices were introduced to mitigate CH4 emissions, e.g. change of
irrigation regime greatly decreased CH4 emissions in China (Li et al.,
2002). In recent years, water-saving rice crop establishment techniques
were introduced, which could potentially reduce CH4 emissions in ir-
rigated rice paddies (Kumar and Ladha, 2011; Liu et al., 2015, 2014a;
Malyan et al., 2016; Pathak et al., 2011).
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Direct-seeded rice (DSR) has been introduced to reduce water, save
labour, and lower the risk of large CH4 emissions. Worldwide, DSR rice
cropping systems account for nearly 23% of the total rice cultivation
area (Rao et al., 2007). In China, a rapid shift from traditional seedling-
transplanted rice (TPR) to DSR occurred since the 1990s, with DSR
mainly being used in the middle and lower reaches of the Yangtze River
(Nie and Peng, 2017). In DSR, crops are established from seeds sown in
the fields rather than by transplanting seedlings from the nursery. DSR
includes dry seeding, which is sowing dry seeds into dry soil, wet
seeding, which is sowing pregerminated seeds on puddled soil, and
water seeding, where seeds are sown into standing water. To avoid
potential yield decline problems, wet seeded rice with prolonged per-
iods of flooding is widely grown in south China (Liu et al., 2014b), such
as the water regime of moisture-flooding-midseason drainage-flooding-
moisture irrigation (M-F-D-F-M) with alternating drying and wetting
during the flooding periods. In China, wet seeding accounts for over
80% of the DSR planting area (Su et al 2014). The percentage of rice
paddy area with wet DSR technology in Shanghai has risen from 65% in
1999 to 83% in 2008 (Chen and Chen, 2011) and continued increasing
during the past decade (Gu et al., 2015; Liu, 2016; Wang et al., 2017).

The shift from TPR to DSR cropping systems could alter CH4 emis-
sions. Especially in dry DSR systems, under less anaerobic conditions,
CH4 emissions could be substantially reduced as compared to TPR, due
to lower CH4 production and release (Gupta et al., 2016; Hang et al.,
2014; Kumar and Ladha, 2011). Kumar and Ladha (2011) integrated
studies comparing CH4 emissions from different crop establishment
methods but with similar water management in rice, and concluded
that CH4 emissions were lower with wet- or dry-DSR than with TPR.
Compared to TPR with continuous flooding, the reduction in CH4

emissions ranged from 24% to 79% in dry-DSR and from 8% to 22% in
wet-DSR (Kumar and Ladha, 2011). In China, Liu et al. (2014a) found
that the wet DSR rice cropping system with a water regime of moist
irrigation decreased CH4 emissions by 39%, compared to a TPR system
with a water regime of flooding-midseason drainage-flooding-moisture
irrigation (F-D-F-M). However, most studies comparing the two estab-
lishment methods focused on dry DSR or wet DSR with a water regime
of moist irrigation (Liu et al., 2015, 2014a), but not on the popular wet
DSR with prolonged periods of flooding, which is more common in
southern China.

Often, field measurements of CH4 emissions rely on the use of the
chamber technique. However, static chamber measurements are dis-
crete in time and space, and may not capture the dynamics of CH4

fluxes (FCH4) on varying time scales, due to the high temporal and
spatial variability of FCH4 in rice paddies (Alberto et al., 2014; Kim
et al., 2016; Knox et al., 2016; Meijide et al., 2011). In addition,
chambers impact the turbulent mixing in the sampling area, which may

lead to biases in CH4 emission estimates (Dore et al., 2003; Krauss et al.,
2016; Morin et al., 2017; Yu et al., 2013). In contrast, the eddy cov-
ariance (EC) technique provides continuous measurements integrating
all ecosystem processes and over a larger part of the landscape, without
disturbing gas exchange processes between biological sources and the
atmosphere (Baldocchi et al., 2001). However, there are only few stu-
dies using the EC technique to measure CH4 emissions from rice paddy
fields (Alberto et al., 2015, 2014; Bhattacharyya et al., 2014; Detto
et al., 2011; Ge et al., 2018; Hatala et al., 2012b; Kim et al., 2016; Knox
et al., 2016, 2015; Meijide et al., 2017, 2011), with a lack of study sites
and studies of crop establishment method effects on FCH4 in China so far
(Ge et al., 2018).

In this study, the eddy covariance technique was used to measure
FCH4 over the course of complete rice growing seasons for the TPR and
DSR crop establishment methods in the same area in southeast China.
The studied DSR was the popular wet seeded rice with prolonged per-
iods of flooding. The main objectives of this study were to: 1) measure
and quantify the FCH4 over the course of rice growing season under both
TPR and DSR; and 2) test the hypothesis that direct-seeded rice de-
creases methane emissions of a rice paddy.

2. Data and Methods

2.1. Site description

The study site is located at the Yuejin Farm on the Chongming
Island, Shanghai, China (31° 48′ 37.54″N, 121° 15′ 0.43″E) (Fig. 1). As
Chongming Island was an alluvial island, the topography of the entire
island is nearly flat. The farm covers an area of 18.95 km2. The region
experiences a subtropical monsoon climate. The annual precipitation
and mean air temperature were 1156.1 ± 190.6mm and
17.1 ± 0.6 °C (1991–2012), respectively. The soil texture is silt loam.
The organic carbon and total nitrogen in the topsoil (0–8 cm) are
20 g kg−1 and 1.6 g kg−1, respectively (Cui et al., 2012). The farmland
was intensively cultivated. An annual paddy rice-winter wheat cropping
rotation was practiced.

2.2. Cropping regime and water management

The cropping regime and water management at the rice paddy are
representative of common practices in southeast China. After the wheat
crop, the experimental fields are waterlogged with a shallow water
depth of 0.5–2 cm during the fallow season. Chopped wheat straw at
about 10 cm length is mixed into the soil layer when farmers plow in
rice cropping systems.

For the seedling-transplanted rice (TPR) cropping system, seeds

Fig. 1. Location and the satellite image (from Google Earth) taken on 1st October 2018 of the study area.
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(Oryza sativa L., cv. Wuyunjing 31) were sown in a nursery bed on May
20 (DOY 140), and then seedlings were transplanted to the paddy fields
on June 10 (DOY 161) and harvested on November 6 (DOY 310), 2013.
In the TPR fields, transplanting ridge spacing was 0.20×0.15m, with
three seedlings per ridge. All the TPR fields were characterized by a
typical water regime of continuous flooding-midseason drainage-re-
flooding-moisture (F-D-F-M) irrigation during the rice-growing season
(Fig. 2c). Initially, the level of flooding was kept from one week before
rice transplantation until July 14 (DOY195), and was then manually
drained for two short periods in the mid-season (from DOY202 to
DOY214) (Fig. 2c). From then on, all the fields were re-flooded until
October 26 (DOY 299), 2013, which was followed by maintaining soil
moisture status but without waterlogging. 5–10 cm of standing water
was kept in the fields during the flooding periods.

In the direct-seeded rice (DSR) cropping system, seeds of the rice
cultivar Wuyunjing 31 were broadcast at the rate of 400 seeds m−2

(representing the standard seed density for local DSR production, which
was higher than in TPR system) on the wet soil surface on June 11
(DOY163), and harvested on November 11 (DOY 316), 2016. From
11th to 19th June, the field was kept moist but without waterlogging.
The water was impounded starting June 20 (DOY 172). Several studies
showed, alternate wetting and drying (AWD) can successfully maximize
DSR grain yield and improve water productivity, compared to daily
continuous irrigation (Chauhan et al., 2017; Sudhir-Yadav et al., 2011).

To our knowledge, the AWD regime in wet DSR rice systems is very
common in southeast China. In this farm, AWD irrigation (irrigated
every 6–10 days once the field was not waterlogged anymore) was also
employed to save water in the DSR system instead of being kept
flooded. Thus, the water regime was moisture-AWD-midseason drai-
nage-AWD-moisture irrigation (M-AWD-D-AWD-M). The mid-season
drainage was applied from late July to early August (from DOY204 to
222).

Urea was broadcasted on the fields in both the TPR and DSR sys-
tems. The nitrogen fertilizer was used at a rate of 225 kg N ha−1 and
250 kg N ha−1 in the TPR and DSR system, respectively (for more de-
tails see Table 1). Calcium superphosphate, used as phosphate fertilizer

Fig. 2. Daily air temperature (a), rainfall (b), water filled pore space (WFPS) (c), CO2 flux (d) and gross ecosystem production (GEP) (e), half hourly (f, g, black dots)
and daily (f, g, lines) FCH4 in DSR (i.e. 2016) (g) and TPR (i.e. 2013) (f) and their daily differences (h, red dots), and their cumulative CH4 emissions (i) from DOY 161
to DOY 316. The TPR and DSR system are distinguished by the colours of green and purple, respectively (a, b, c, d, e, f, g, i). D-values (h) and cumulative CH4

emissions (i) are derived from gap-filled fluxes. The positive difference-values (h) indicate that CH4 emissions in the DSR are larger than in the TPR system. The gray
dotted lines in (b) represent daily rainfall = 20mm. The horizontal gray dotted lines in (c) and (h) are zero reference lines. The vertical green and purple dotted lines
(a, b, c, d, e, f) indicate the growing stages of rice in the TPR and DSR system, respectively. The black arrows (c) show the mid-season drainage (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).

Table 1
N fertilizer application for the TPR and DSR paddy fields in 2013 and 2016,
respectively.

TPR DSR

Total nitrogen 225 kg N ha−1 250 kg N ha−1

1st Base fertilizer 20 % (9 June) 19 % (10 June)
2nd Base fertilizer 22% (19 June) 21% (20 June)
3th fertilizer 24% (23 June) 24% (9 July)
4th fertilizer 19% (29 July) 22% (24 July)
5th fertilizer 15% (8 August) 18% (2 August)
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at a rate of 160 kg N ha−1, was also applied as basal fertilizer in both
the TPR and DSR systems. Herbicides were applied before transplanting
in 2013, and on 29 June, 29 August and 12 September in 2016.

2.3. Flux and ancillary data

The eddy covariance (EC) technique was used to quantify net fluxes
of CO2 (FCO2), GEP and FCH4 between the rice paddy and atmosphere
from 2013 to 2016. The flux tower was located in the center of Yuejin
Farm (31° 48′ 37.54″N, 121° 15′ 0.43″E). The area was flat and uniform
within 500m radius from the tower during the rice growing season
(Fig. 1). Sensors were mounted 3.3 m above the soil surface. The EC
system included an open path CO2/H2O infrared gas analyzer (LI-
7500 A, LI−COR, Cor., Lincoln, NE, USA (LI−COR)), an open path CH4

gas analyzer (LI-7700, LI−COR), and a sonic anemometer (CSAT3,
Campbell Sci., Inc., Logan, UT, USA (CSI)). The turbulence data were
sampled with a frequency of 10 Hz and collected by a data logger
(CR5000, Campbell Scientific, Inc., USA).

FCO2 and FCH4 were calculated using the EddyPro 6.2.0 software
(LI−COR). A despiking procedure including detecting and eliminating
individual out-of-range values was applied (Vickers and Mahrt, 1997).
The block average method was used to extract high-frequent fluctuation
in the raw data. The time lag detection method used was covariance
maximization with default. The double coordinate rotation method was
applied to ensure the mean vertical wind speed was zero, averaged over
30min (Wilczak et al., 2001). Compensation of Webb-Pearman-Leuning
density fluctuations (WPL terms) was implemented following Webb
et al. (1980). We applied spike detection of raw data after Vickers and
Mahrt (1997). Spectral correction was performed after Moncrieff et al.
(1997) (high-frequency).

The subsequent QA/QC processing was performed according to Li
et al. (2018). The relative signal strength indicator (RSSI) was adopted
to filter for periods when the mirror of LI-7700 was contaminated by
rainfall or dust (RSSI < 20%). Data were removed when rainfall events
occurred. In addition, we used friction velocity (u*) as a criterion for
atmospheric mixing to ensure well-developed mixing conditions
(Reichstein et al., 2005), and applied a threshold of u*> 0.12m s−1.
According to Foken et al. (2004), the steady state test and the well-
developed turbulence test were used as quality flags. The test (1–9
system) provided the flag “1 - 3″ for high quality fluxes, “4 - 6″ for
intermediate quality fluxes, and “9″ for poor quality fluxes (Foken et al.,
2004). Thus, only data for which the quality flag<7 were used for
further analysis. The occasionally occurring sensor failures and quality
criteria led to gaps of different duration. For the entire observation
period, the data coverage after QA/QC was 72% for FCO2 and 67% for
FCH4.

Gaps of FCO2 and FCH4 were filled using the marginal distribution
sampling method (Helbig et al., 2017; Hommeltenberg et al., 2014;
Reichstein et al., 2005). FCO2 were further partitioned into gross eco-
system production (GEP) and ecosystem respiration (ER) with two
methods. Nighttime used Reichstein et al., 2005 and daytime used
Lasslop et al., 2010. GEP is presented with positive signs (FCO2 =
ER−GEP). The ‘REddyProc_1.1.5′ R package was used.

Daily FCH4 was obtained by averaging the quality-controlled half-
hourly FCH4 for each day. Because of quality control, rejection rates
varied greatly from day to day. For reliable daily averages, only the
days with gaps of less than 6 h were used.

The uncertainties of seasonal FCH4 were obtained following Aurela
et al. (2002). The random uncertainty for each half-hourly CH4 flux was
estimated through the empirical models described by Finkelstein and
Sims, (2001). The uncertainty of gap-filling for FCH4 was also estimated
(Reichstein et al., 2005).

Micrometeorological and hydrological variables were measured
concurrently, including rainfall (2 m above ground, TB4MM, Campbell
Scientific Inc., Logan, UT, USA), air temperature (3.3 m above ground,
HMP155 A, Campbell Scientific Inc., Logan, UT, USA), soil temperature

(109, Campbell Scientific Inc., Logan, UT, USA) and volumetric water
content at 5 cm depth (CS616, Campbell Scientific Inc., Logan, UT,
USA). The volumetric water content was used to calculate soil water
filled pore space (WFPS) using the formula: 100 × Volumetric Water
Content ÷ (1 - soil bulk density ÷ soil particle density), soil particle
density is assumed as 2.65 g cm−3, soil bulk density was 1.01 g cm−3.

2.4. Statistical analyses

A paired t-test was used to test for statistically significant differences
(α=0.05) in environmental conditions between the TPR and DSR
system. Cross correlation analysis was used to find at which time lag
two variables (e.g. FCH4 & GEP) match (Bracewell et al., 1986; Papoulis
and Maradudin, 1963). The cross-correlation of the two variables is
maximum at a lag equal to the delay. A cross-correlation function (‘ccf’
in the ‘acf’ R package), which is a time series analysis tool, was used to
compute the cross-correlation of two univariate time series (e.g. FCH4 &
GEP). The time lag k value (a, c) returned by ccf (FCH4,GEP) estimates
the correlation between FCH4 [t+ k] and GEP [t]. When one or more
GEP [t] are predictors of FCH4 [t+ k], with k positive in x-axis (a, c), it
indicates that GEP leads FCH4.

Wavelet coherence (WTC) analysis allows investigating the cause
and effect relationships between two time series variables at different
time scales, a feature that a simple linear regression method cannot
accomplish (Grinsted et al., 2004; Torrence and Compo, 1998). The
coherence is a quantity between 0 and 1, which measures the cross
correlation between two variables as a function of time frequency
(Torrence and Compo, 1998). The WTC allows us to examine if the
highest coherency areas in the frequency domain have a consistent
phase angle, which indicates a phase-locked relationship between two
variables. Such a phase-locked relationship in turn represents a caus-
ality, the dependence of one variable on another (Grinsted et al., 2004;
Hatala et al., 2012a; Koebsch et al., 2015). For time periods with sig-
nificant wavelet coherence, we used the phase angle to calculate the
time lag (time lag=phase angle×wavelength ÷ 2π) between the
correlated oscillations of the two series. The relative phase relationship
is shown as arrows in the figures.

3. Results

3.1. Biological and environmental conditions during the study period

Daily air temperature (p= 0.073), precipitation (p= 0.061), net
radiation (p= 0.058) and friction velocity (p= 0.49) between the rice
growing seasons of 2013 and 2016 were not significantly different
(Table 2). The wind rose in each growth stage between the TPR and
DSR system were also similar (Fig. S1). In 2016 (i.e., DSR), despite
344.7 mm higher seasonal amount of rainfall, daily soil water filled
pore space (WFPS) was significantly smaller (p < 0.001) than in 2013
(i.e., TPR). The DSR system had ca. 11% less soil water content than the
TPR system (Table 2). For the entire growing season, daily 10 cm soil
temperature was significantly lower in the TPR than the DSR system
(Table 2). Only on DOY 188–189, DOY 201–241 and DOY 296–301, the
differences in soil temperature were larger than 1 °C between the two
systems. However, no significant (p= 0.15) difference was found be-
tween the TPR and the DSR system when DOY 201–241 were excluded
(Fig. 2a, Table 2). Seasonal total aboveground biomass increased due to
the higher rice plant density in the DSR, despite the rice yield being
lower than in the TPR system (Table 2). Compared to the TPR cropping
system, daily GEP increased significantly (p < 0.001) in the DSR
system.

3.2. Seasonal variation and FCH4 magnitude

The seasonal pattern of FCH4 in the DSR cropping system was similar
to the pattern in the TPR cropping system, except for the first 10 days
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(Fig. 2f, g). Daily FCH4 started to increase when the field was flooded for
the first time (10th and 20th June 2013 and 2016 respectively) until the
peak fluxes were achieved, about 30˜40 days after rice transplantation
in the TPR and after sowing in the DSR. FCH4 reached a maximum of
1.5 g CH4m−2 d−1 on 13nd July in the TPR and 1.5 g CH4m−2 d−1 on
18th July in the DSR. In the middle season, FCH4 exhibited a sharp
decrease in both the TPR and DSR system. A secondary peak was ob-
served in both cropping systems during the re-flooding period in Au-
gust. Then, from late September until the end of the growing season,
FCH4 remained low (95% of the daily average fluxes were less than
0.1 ± 0.02 g m−2 d−1) (Fig. 2f, g). The main difference in the seasonal
pattern between the DSR and TPR system was that FCH4 in the DSR were
small only during the nursery stage (˜first 10 days, i.e. DOY 163–172;
except for 3 days with heavy rainfall) while the TPR system started to
increase CH4 emissions once the rice was transplanted.

Seasonal CH4 emissions in the DSR cropping system were larger
than in the TPR cropping system (Table 2 and Fig. 2). Growing season
FCH4 averaged 0.32 μmol m−2 s−1 and 0.26 μmolm−2 s−1 in the DSR
and TPR system, respectively. The paired t-test showed that daily-
averaged FCH4 increased significantly (p < 0.01) in the DSR compared

to the TPR system. After gap-filling, the significant (p < 0.001) in-
crease remained in daily-averaged FCH4. Seasonal cumulative CH4

emissions were estimated at 610.5 ± 73.3 kg CH4 ha−1 and
488.8 ± 56.2 kg CH4 ha−1 in the DSR and TPR cropping system, re-
spectively (Table 2 and Fig. 2i). Thus, the DSR system increased the
seasonal CH4 emissions by about 25% (24.9%) compared to the TPR.
The increase in CH4 emissions mainly occurred during the flooding (or
AWD in the DSR) periods, i.e. DOY 173–203 and 222–260 (Fig. 2h). The
duration of the growing season in the DSR system (154 days) was longer
than in the TPR system (150 days). Even if the CH4 emissions during the
nursery stage (11th to 19th in June) of the DSR system were excluded,
the seasonal CH4 emissions of the DSR cropping system (145 days) were
still about 25% (24.6%) larger than in the TPR system (150 days).

3.3. Controls on FCH4 in DSR and TPR

Variations in FCH4 depended on the artificial water management
practices and rainfall. No significant positive linear correlation between
FCH4 and water filled pore space (WFPS) was found during the rice
growing season, even when time lags were considered for both half-

Table 2
Air temperature (Ta), soil temperature at 10 cm depth (Tg), net radiation (Rn), rainfall, soil water filled pore space (WFPS), gross ecosystem productivity (GEP), rice
seed density (Density), aboveground total biomass(Biomass), rice yield(Yield), and methane flux (FCH4) from seedling-transplanted (DOY 161–310 in 2013, TPR) and
direct-seeded (DOY 163–316 in 2016, DSR) rice cropping seasons. A paired t-test is used to test for statistically significant differences (Stat, α=0.05) in these
environmental and flux variables between the TPR and DSR system from DOY 161 to DOY 316. ‘Y’ and ‘N’ represent significant and not-significant, respectively.
‘NF_FCH4’ and ‘FCH4’ represent CH4 flux before and after gap-filling, respectively.

No.
days

Ta
range

Ta
mean

Tg
mean

Rn
mean

Rainfall
sum

WFPS
mean

GEP
mean

Density
mean

Biomass
sum

Yield
sum

NF_FCH4
mean

FCH4
mean

FCH4
sum

FCH4/Yield
sum

(d) (℃) (℃) (℃) (W m−2) (mm) (%) (kg C ha−1) seeds m−2 (Mg ha−1) (Mg ha−1) (kg CH4 ha−1) (kg Mg−1)
TPR 150 13.8˜33.2 25.1 25.2 139.3 353.5 80 99.4 100 ˜10.5 7.2 3.3 3.3 488.8 67.9
DSR 154 13.6˜32.1 25.0 25.6 131.7 698.2 71 110.8 400 ˜18.2 5.5 3.9 4.0 610.5 111.0
Stat N Y# N N Y Y Y Y

# Not significant when DOY 201–241 were excluded.

Fig. 3. The cross-correlation (a, c) of half
hourly methane fluxes (FCH4) and GEP, and the
regression (b, d) of daily average FCH4 and GEP
indicate a close relationship between FCH4 and
GEP in the TPR (green) and DSR (purple)
system before (a, b) and after (c, d) the mid-
season drainage. The time lag k value (a, c)
returned by ccf (FCH4,GEP) estimates the cor-
relation between FCH4 [t+ k] and GEP [t].
When one or more GEP [t] are predictors of
FCH4 [t+ k], with k positive in x-axis (a, c), it
indicates that GEP leads FCH4. In this study, the
maximum values of cross correlation before (a)
and after (c) the midseason drainage occur
when GEP leads FCH4 3 and 6.5 h in the TPR
system (green oval), and 5 and 7 h in the DSR
system (purple oval), respectively. The dotted
lines (a, c) represent the confidence interval
(confidence interval= 0.95) limits. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).
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hourly and daily averaged data. Meanwhile, FCH4 was relatively low
(about 0.25 g CH4m−2 d-1) during the nursery stage in the DSR system
when the soil was kept moist but not waterlogged (Fig. 2g). Also, a
strong decrease in FCH4 was observed with decreasing WFPS after
draining occurred in the middle season (Fig. 2c, f, g). FCH4 increased
mostly 1–2 days after heavy rainfall events (daily rainfall> 20mm)
(Fig. 2b, f, g). For example, there was a heavy rainfall event on 12 June
2016 with a cumulative precipitation of 24.6 mm. FCH4 quickly in-
creased and reached 0.85 gm−2 d-1 on 13 June. Meanwhile, fertiliza-
tion and weed control practices did not result in significant variation.
No significant correlation was found between FCH4 and friction velocity
(u*) in both systems as the turbulence in this site was well developed.

The cross correlation analysis showed that half hourly FCH4 was
significantly correlated to half hourly GEP before the mid-season drai-
nage in the TPR (Fig. 3a, DOY 161–202, p<0.05, r= 0.60, When GEP
led FCH4 3 h) and DSR system (Fig. 3a, DOY 163–204, p<0.05,
r= 0.43, When GEP led FCH4 5 h). Although the cross-correlation
coefficient after the mid-season drainage was relatively lower than
before the drainage, the correlation between FCH4 and GEP was sig-
nificant in both the TPR (Fig. 3c, DOY 220–310, p<0.05, r= 0.35,
When GEP led FCH4 6.5 h) and DSR system (Fig. 3c, DOY 225–316,
p<0.05, r= 0.37, When GEP led FCH4 7 h). In addition, daily average
regression (Fig. 3b, d) also showed that daily average FCH4 significantly
increased with GEP before the mid-season drainage (Fig. 3b, R2= 0.57
and 0.49 in the TPR and DSR system, respectively) and after the mid-
season drainage (Fig. 3d, R2= 0.51 and 0.61 in the TPR and DSR
system, respectively).

3.4. FCH4 after excluding the effect of different weather conditions and
water management practices

To eliminate the effect of different weather conditions and water
management practices between the TPR and DSR systems, data were
grouped into two parts, i.e. the periods with different rainfall, soil
temperature and water management (DRTW) (Fig. 4a) and non-DRTW
periods (Fig. 4b, c). DRTW periods in this study include days during
midseason drainage, the first 10 days of the DSR system (DOY
163–172), days when D-value of soil temperature> 1℃ (DOY 188–189,
DOY 201–241 and DOY 296–301), and heavy rainfall days (daily
rainfall > 20mm) together with the following one day (this threshold
was determined by the lagged effect of rainfall on WFPS, Fig. S2) just

after heavy rainfall.
Compared to the TPR system, FCH4 in the DSR decreased 11.9%

during the nursery stage in fields and midseason drainage practice
periods (Fig. 4a). FCH4 during the heavy rainfall periods accounted for
5% and 8.5% of the seasonal total amount of FCH4 in 2013 and 2016,
respectively. During the periods with different rainfall, the increase of
CH4 emissions in the DSR system comparing to the TPR system was
16.3 kg CH4 ha−1, which was only 3% (much less than 25%) of the
cumulative CH4 emissions (488.8 kg CH4 ha−1) in the TPR system. Al-
though the difference (> 1 ℃) in daily soil temperature between the
TPR and DSR system occurred on DOY 188–189, DOY 201–241 and
DOY 296–301, the increase of soil temperature in the DSR system did
not result in the increase of CH4 emissions compared to the TPR system
(Fig. 2a, h).

Meanwhile, non-DRTW daily FCH4 remained significantly
(p < 0.001) larger in the DSR compared to the TPR system (Fig. 4b).
Non- DRTW daily FCH4 exhibited a strong exponential dependence on
10 cm soil temperature (Tg) (Fig. 4b, R2= 0.85 and 0.75 in the TPR and
DSR system, respectively) in the rice paddy. The DSR emitted more
methane than the TPR system for the same soil temperature. The re-
gression models in the TPR and DSR are FCH4= 4.2e-05e0.33×Tg, and
FCH4= 2.7e-04e0.29×Tg, respectively. Considering the differences in the
rice plant density and biomass between the TPR and DSR systems, FCH4
in the DSR system was normalized (i.e., FCH4 ÷18.2×10.5 in the DSR.
18.2 and 10.5 were the biomass sum in the DSR and TPR system, re-
spectively) (Fig. 4c). After the normalization, no significant (p = 0.47)
increase in daily FCH4 was observed between the DSR and TPR system.
The regression model in the DSR was FCH4= 1.6e-04e0.29×Tg. The Q10

which didn’t change before and after the normalization were 27.1 and
18.2 in the TPR and DSR system, respectively.

In sum, compared to the TPR system, the decrease of CH4 emissions
in the DSR system during the first 10 days and from DOY 207–225
(Figs. 2h and 4 a) was exceeded by the increase during the flooding (or
AWD in the DSR) periods, resulting in seasonal cumulative CH4 emis-
sions in the DSR system that were 25% higher. Moreover, this increase
was not caused by the differences in rainfall, soil temperature and water
management.

Fig. 4. Daily average methane fluxes (FCH4)
between the TPR (2013, green) and DSR
(2016, purple) systems during the periods with
(a) and without (b, c) different rainfall, soil
temperature and water management (DRTW).
DRTW periods in this study include days
during midseason drainage, the first 10 days of
the DSR system (DOY 163–172), days when D-
value of soil temperature> 1℃ (DOY
188–189, DOY 201–241 and DOY 296–301),
and heavy rainfall days (daily rainfall> 20
mm) together with the following one day (the
period was decided by the lagged effect of
rainfall on WFPS, Fig. S2) just after heavy
rainfall. The data during the periods without
DRTW shows exponential dependence on daily
10 cm soil temperature (Tg) of daily FCH4 (b).
The separate model parameters are fitted for
the TPR (green lines) and DSR (purple lines)
systems. Regression models for the daily aver-
aged FCH4 and Tg in TPR and DSR are:

FCH4= 4.2e-05e0.33×Tg (1), Q10= 27.1, n=70, R2=0.85, p < 0.001; and FCH4=2.7e-04e0.29×Tg (2), Q10= 18.2, n= 67, R2=0.75, p < 0.001, respectively.
Considering the differences in the rice plant density and biomass between the TPR and DSR systems, FCH4 in the DSR is normalized (i.e., FCH4 ÷18.2×10.5 in the
DSR) (c). The regression models are also FCH4 = α×eβ×Tg. The ‘α’ are estimated at 4.2e-05 and 1.6e-04 for the TPR and the DSR system, respectively. The ‘β’ are
same as before the normalization (i.e., 0.33 in the TPR, 0.29 in the DSR) (c). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).
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4. Discussion

4.1. Seasonal variation and magnitude of FCH4 in the rice paddy

With both DSR and TPR, the rice paddy acted as a strong CH4 source
(488.8 and 610.5 kg CH4 ha−1) during the rice growing season. These
seasonal CH4 emissions were within the range but at the higher end of
most reported CH4 emissions from rice paddies (Ge et al., 2018; Fig. 5).
However, the seasonal patterns of CH4 emissions in the TPR rice
cropping systems were generally comparable to those previously re-
ported on conventional rice paddies under a similar water regime of
FDFM in southeast China (Hou et al., 2012; Liu et al., 2014a; Zou et al.,
2005). Similarly, the seasonal patterns of the DSR cropping system were
similar to those reported for water regimes of M-F-D-F-M (Hang et al.,
2014; Zhang et al., 2012). For example, in a rice paddy in Jiangsu
Province, China (Zhang et al., 2012), CH4 emissions were also reported
to peak before the mid-season drainage with a secondary peak after the
mid-season drainage.

However, in our case study, the hypothesis that direct-seeded rice
decreases methane emissions of a rice paddy was not supported. In
contrast to most previous studies (Gupta et al., 2016; Kumar and Ladha,
2011; Liu et al., 2014a), our results showed that CH4 emissions in the
DSR system were significantly larger than in the TPR system.

4.2. Effects of rice establishment methods on CH4 emissions

Lower soil water content in the DSR system should decrease CH4

emissions instead of contributing to the increase of CH4 emissions
compared to the TPR system. Anaerobic soil conditions, which depend
on water content in rice fields, are a prerequisite for CH4 production by
methanogens in rice paddies. This dependence on anaerobic conditions
could explain why FCH4 decreased during the middle season drainage
and increased after a heavy precipitation in both rice systems.
Moreover, compared to the TPR system, lower WFPS during the first 10
days and from DOY 207–225 led to lower CH4 emissions in the DSR
system (Figs. 2h and 4 a). Other studies reported that compared to TPR
cropping systems, seasonal CH4 emissions decreased in dry DSR and the
wet DSR with moist irrigation cropping systems, mainly due to less
anaerobic conditions in these DSR systems (Gupta et al., 2016; Liu
et al., 2014a; Pathak, 2012). Similar to these studies, Tao et al. (2016)
found that wet DSR with prolonged periods of flooding also largely
decreased CH4 emissions when they controlled an ideal condition that
the seedling density was same in the TPR and DSR system. However, in
our study site, the rice plants density was different between the TPR
and DSR system. Except for the periods of nursery stage and middle

season drainage, daily FCH4 significantly increased in the DSR compared
to the TPR system, while FCH4 was not driven by WFPS.

The hypothesis that direct-seeded rice decrease methane emissions
of a rice paddy is not supported here. To demonstrate that this does not
contradict previous findings, we synthesized CH4 emissions from pre-
vious studies comparing CH4 emissions of TPR and DSR cropping sys-
tems. Although dry DSR strongly decreased CH4 emissions, no sig-
nificant difference existed between TPR and wet DSR with prolonged
periods of flooding systems (Fig. 5). Dry DSR cropping systems often
keep aerobic conditions with no standing water throughout the season,
resulting in aerobic conditions limiting anaerobic CH4 production in the
rice paddy (Kumar and Ladha, 2011; Sandhu and Kumar, 2016). Dry
DSR production is practiced traditionally in rainfed upland ecosystems
in Asian countries, but is rare in irrigated areas (Kumar and Ladha,
2011). In contrast to dry seeded aerobic rice, wet DSR with prolonged
periods of flooding, which is typical for many irrigated areas, often
creates more anaerobic conditions favoring enhanced CH4 production
(Fig. 6).

The increase of CH4 emissions in the DSR cropping system com-
pared to the TPR system appears not to be caused by differences in
environmental conditions, water and fertilizer management practices
and their differences between 2013 and 2016. Soil temperature is an
important factor regulating the seasonality of FCH4 (Conrad, 2007,
1996; Helbig et al., 2017; Yvon-Durocher et al., 2014). For the studied
rice paddy, we also found an exponential dependence of FCH4 on air /
soil temperature (Fig. 4b). However, mean air / soil temperature be-
tween the growing seasons of 2013 and 2016 were very similar
(Table 2). Although the difference (> 1 ℃) in daily soil temperature
between the TPR and DSR system occurred on some days, the increase
of soil temperature in the DSR system did not result in an increase of
CH4 emissions compared to the TPR system (Fig. 2a, h). After excluding
the potential effect of different precipitation, soil temperature and
water management practices between the TPR and DSR systems on
FCH4, the significant increase in CH4 emissions in the DSR compared to
the TPR system remained (Fig. 4b). The DSR emitted more methane
than the TPR system for the same soil temperature (Fig. 4b). On the
contrary, after normalizing FCH4 by the ratio of rice aboveground bio-
mass in the DSR and TPR system, no significant difference in FCH4 be-
tween the DSR and TPR system for the same soil temperature (Fig. 4c).
Furthermore, one additional dataset with DSR technology in 2017 was
added here for supplementary evidence. The environmental and flux
variables in 2017 were very similar to the 2016 conditions except for
rainfall. The seasonal total rainfall in 2017 was 484.2mm, which was
higher than 353.5 mm in 2013 and lower than 698.2 mm in 2016.
However, the DSR system in 2017 still increased the seasonal CH4

Fig. 5. Effects of various crop establishment methods on methane emissions (Data compiled from reports shown in Text S1).
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emissions (610.4 kg ha−1) by 25% compared to the TPR. These sup-
plementary results indicate that the increase of CH4 emissions in the
DSR system compared to the TPR are most likely not due to differences
in environmental conditions.

In many ecosystems, CH4 production is fueled by recent plant
photosynthate in the form of root exudates in the rhizosphere as shown
by 14C-labeling studies (Dorodnikov et al., 2011; King et al., 2002).
Hatala et al (2012a) found that GEP is the primary cause of diurnal
patterns in rice paddy FCH4. In addition, Knox et al (2016) concluded
that GEP and water level typically explain most of the variance in daily
average FCH4 during the growing season. In our study, we found a
significant correlation between FCH4 and GEP in both systems before
and after the mid-season drainage (Fig. 3). The time lag (Fig. 3a, c)
indicates that GEP leads CH4 emissions by 3–7 h in the rice paddy field.
Similar to Hatala et al., (2012a,b), we also found that the GEP and FCH4
are strongly coherent at the daily scale with a mean time lag of 2.8 h
before midseason drainage in the TPR system (Fig. 7). This indicates a
simple causality between the GEP and FCH4 whose oscillations are phase
locked at the daily timescale (Grinsted et al., 2004; Hatala et al., 2012a;
Koebsch et al., 2015; Xu et al., 2014). In the DSR system, GEP and FCH4
were also coherent at the daily scale, but the significant coherence area
was discontinuous (Fig. S3), which may have been caused by large gaps
in the FCH4 time series from June to July.

Higher GEP is related to increased production of carbon substrates
for the methanogenic metabolism and can thus lead to higher CH4

production. GEP differed between the two systems with DSR being
more productive (Table 2), resulting in higher CH4 emissions for the
same soil temperature in the DSR system. In order to compensate for
poor crop establishment and to suppress weed growth, farmers usually
adopt a high seeding rate for DSR (Chauhan, 2012; Liu et al., 2014b),
which has also been the case for our study site. A higher seeding rate in
DSR leads to higher plant density, which can result in higher GEP. The
higher plant density can therefore explain why GEP in 2016 was much
higher than in 2013. At the same time, increased plant density and
aboveground biomass (Table 2) would also result in increased aer-
enchyma density. Aerenchyma provides a pathway from the root zone

to the atmosphere for methane to bypass oxidation layers (Aulakh et al.,
2000). Liu et al. (2014a) also found a significant correlation between
seasonal total of CH4 emissions and rice biomass. In our study, the
change of difference in FCH4 for the same soil temperature (5 cm) be-
tween the DSR and TPR system before and after the normalization by
the ratio of rice aboveground biomass supported this claim. Therefore,
the difference in rice plant density was likely the primary reason
leading to increased CH4 emissions in the DSR system.

Increasing crop density has been widely proposed as an approach to
increase crop competitiveness against weeds, which are the most im-
portant constraint to the success of DSR (Chauhan et al., 2017; Liu
et al., 2014b). In our case, the wet DSR with prolonged periods of
flooding cropping system successfully reduced labor and water con-
sumption, but the increased plant density, aboveground biomass and
GEP caused an increase in CH4 emissions compared to the TPR system.
Moreover, the rice yield decreased in the DSR system as also reported
by previous studies (Farooq et al., 2011, 2007, 2006; Liu et al., 2014b;
Naklang et al., 1996). Increasing human population necessitates further
increases in rice production to ensure future food security and social
stability (Heong and Hardy, 2009). Thus, benefits for rice cropping
systems need to be assessed regarding multiple criteria including crop
yield and CH4 emission impacts on climate change. Considering the
decrease in rice yield and the high radiative forcing of CH4, the benefits
of a shift in current rice establishment methods from the conventional
TPR to the labor-saving DSR with high-density method need to be
carefully re-evaluated in southeast China. However, a better-informed
management of planting density and irrigation regime has the potential
to limit increases in CH4 emissions of DSR systems.

5. Conclusion

For the first time, we analyzed FCH4 measured with the eddy cov-
ariance technique over two growing seasons (TPR in 2013 vs DSR in
2016) in a rice paddy in southeastern China. The seasonal cumulative
CH4 emissions were estimated at 610.5 ± 73.3 kg ha−1 and
488.8 ± 56.2 kg ha−1 in the DSR and TPR cropping systems, respec-
tively. The hypothesis that direct-seeded rice decrease methane emis-
sions of rice paddies was not supported in our study. Compared to TPR
cropping systems, CH4 emissions of the DSR system increased by 25%.
After eliminating the effect of differing weather conditions and man-
agement practices between the TPR and DSR systems, CH4 emissions in
the DSR system during the flooding periods remained much larger than
in the TPR system. In contrast, both GEP and rice density were higher in
the DSR than in the TPR system. Increased CH4 emissions in the DSR
system are most likely due to greater GEP associated with higher rice
plant density. Our results highlight the ecological importance of plant
density for CH4 emissions in rice paddies. This case study shows that the
shift from TPR to wet DSR with higher rice plant density could increase
rice seasonal CH4 emissions in paddy fields.
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Fig. 6. Additional methane flux dataset with DSR technology is added for
comparison. Daily FCH4 (a) of DSR (i.e. DOY 163–315 in 2016 and DOY
158–298 in 2017) and TPR (i.e. DOY161−309 in 2013) and their cumulative
CH4 emissions (b) after transplantation in TPR and after sowing in DSR show
that CH4 emissions of both DSR systems are larger than the TPR cropping
systems. The TPR system in 2013, the DSR system in 2016 and the DSR system
in 2017 are distinguished by green, purple and dark gray colours, respectively
(a, b). Cumulative CH4 emissions (b) are derived from gap-filled fluxes (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.agrformet.2019.04.
005.
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