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Abstract: Methane (CH4) is the second most important anthropogenic greenhouse gas (GHG) after
carbon dioxide (CO2), and paddy fields are among the largest sources of CH4 emissions. Owing to
the scarcity of observational data, the characteristics and influencing factors of CH4 fluxes in paddy
fields at different timescales need to be further investigated. Observations of CH4 fluxes via eddy
covariance (EC) data were performed over four seasons in two paddy fields in Nanchang, Jiangxi
Province, China. The pattern, magnitude and biophysical controls of CH4 emissions were explored by
wavelet analysis and stepwise multiplicative modelling. The results revealed a distinct, single-peak
diurnal pattern in CH4 fluxes during the vegetative stage in all four rice growing seasons and the
reproductive stage of early rice. Large seasonal variations in daily CH4 emissions were observed in
the two double-cropping paddy fields, and the soil temperature at a depth of 5 cm (Ts5) explained
most of the seasonality of the CH4 fluxes. At the inter-seasonal scale, under local farms’ traditional
field management method, reducing the amount and frequency of irrigation during the vegetative
stage could decrease CH4 emissions in southern China. This study improves the understanding of
CH4 emissions and helps in developing GHG management strategies for paddy fields.

Keywords: methane fluxes; eddy covariance technique; multi-timescale analysis; double-cropping
rice agroecosystem

1. Introduction

Methane (CH4) is one of the most critical greenhouse gases emitted from terrestrial
ecosystems to the atmosphere and has a global warming potential (GWP) 25–34 times that
of CO2 on a centennial scale [1,2]. The IPCC Fifth Assessment Report stated that human
activities have contributed to 50–65% of total CH4 emissions since the Industrial Revolu-
tion [3]. As ecosystems that are intensely managed by humans, paddy field ecosystems
emit 8% of anthropogenic CH4 emissions [4]. China accounts for 18.6% of the world’s rice
cultivation area [5]; therefore, research on CH4 emissions in Chinese rice ecosystems offers
an essential reference for global climate research.

CH4 fluxes from paddy fields have been widely measured using chamber-based
methods [6–8]. While these methods have the advantages of high sensitivity to low fluxes,
easy manipulation, and low cost [9,10], they are also criticized due to their discontinuous
measurements, poor spatial representation, high labour intensity and uncertainties due to
temperature effects [11,12]. Alternatively, by providing near-continuous measurements at
the ecosystem scale without interfering with the processes of gas exchange between the
terrestrial ecosystem and the atmosphere, the eddy covariance (EC) method has emerged
as a means of measuring trace gas exchange. In addition, concurrent measurements of
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CO2, water vapour and ancillary physical variables (e.g., temperature (T) and soil water
content (SWC)) at half-hour intervals provide appropriate conditions for research on the
dominant controlling factors of CH4 fluxes across multiple timescales. The EC technique
has been widely used for measuring H2O [13–16], CO2 [17,18] and energy [19–21] fluxes.
The effectiveness of EC for measuring CH4 emission fluxes in different ecosystems [22–28]
has also been confirmed.

The emission of CH4 from paddy fields results from the simultaneous processes
of production, oxidation and transportation and highly depends on environmental and
biophysical factors. Globally, meteorological factors, such as precipitation, temperature,
ambient pressure, soil type and friction velocity (U*) have been reported to affect CH4
emissions in marshes [12], fens [29], wetlands [23] and paddy fields [30,31]. Compared with
those in other ecosystems, the process of CH4 emissions in paddy fields is more complex
due to the involvement of rice plants and field management. Plant-mediated transport is
the primary transport mechanism of CH4 from the soil to the atmosphere, and diffusion
is the dominant mechanism of gas exchange in the paddy fields [32–34]. Additionally,
photosynthesis products are the primary source of carbon substrates for methanogenic
metabolism [35,36]; thus, the plant status can also regulate CH4 emissions. Moreover,
the variation in CH4 flux is also regulated by field water management [27] and fertilizer
applications [37–40]. These factors act in different processes and interact strongly with
each other; thus, the main controlling factors of CH4 fluxes vary over diverse timescales.
For example, carbon assimilation was demonstrated to regulate diurnal CH4 production
with a time lag of 1–1.5 h in rice [32]; the temperature was reported to explain most of the
seasonality in CH4 fluxes [41]; the response of CH4 emissions to water table fluctuation
can be nonlinear, and water table fluctuation lagged the CH4 flux by up to 10 days [42].
Therefore, exploring the main controlling factors in paddy fields at multiple timescales is
necessary. However, due to the limitations of the observation conditions, studies applying
the EC method to observe CH4 fluxes in paddy fields are rare, with only a few studies
concentrated on the US [43–45], Italy [46,47], Philippines [48], Indonesia, Japan [41], Ko-
rea [1,31] and China [2,34,49,50]. These studies reported that the pattern and magnitude
of CH4 fluxes were site dependent and varied with time. Additionally, Knox et al. [44]
conducted a 6.5-year observation in California, which represents the only study at an
inter-seasonal timescale. Hence, more studies are urgently needed.

The paddy fields in the middle and lower reaches of the Yangtze River are cultivated
in a double-cropping pattern that benefits from suitable water and thermal conditions.
Currently, with the development of the economy and urbanization, job opportunities in
the industry and service sectors are increasing rapidly [51], and wages are much greater in
cities than in rural areas. These conditions have resulted in a substantial labour shortage
in traditional paddy fields. Hence, rice cultivation is shifting from transplanting to direct
seeding. Alternate wetting and drying (AWD) irrigation is also currently practiced in south-
ern China [50]. Compared with traditional irrigation patterns, AWD has advantages for
reducing water use [52,53] because paddy fields are dried out for approximately 3–5 days
after the standing water depth falls to zero. Studies have reported that CH4 emissions in
paddy fields are regulated by SWC [27,39]; therefore, changes in irrigation patterns will
consequently influence CH4 exchange in this region. The changes in planting and irrigation
patterns provide a challenge for estimating regional CH4 emissions, and studies on the
variations in CH4 emissions and their biophysical controls are urgently needed.

Therefore, a four-season observational study of CH4 fluxes was conducted in two
double-cropping paddy fields in southern China. This paper reports the variations and
drivers of CH4 fluxes at diurnal, seasonal and inter-seasonal timescales. The main objec-
tives of this study are to (1) explore the variations in CH4 fluxes at diurnal and seasonal
timescales; (2) investigate the dominant drivers at diurnal and seasonal timescales; and
(3) measure and compare CH4 fluxes at inter-seasonal timescales. This study contributes
to the understanding of CH4 emissions and provides a strategy for reducing regional
GHG emissions.
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2. Materials and Methods
2.1. Study Site and Crop Management

The experiment was conducted from 2018 to 2020 on the Ganfu Plain, Jiangxi Province,
China (Figure 1). The climate in the study region is characterized as subtropical, humid and
monsoonal. The mean annual temperature is 18.1 ◦C, and the mean annual precipitation is
1634 mm. The soil is a paddy soil with a clay loam texture.
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Figure 1. Location of Ganfu Plain. (a) Sketch map of the station location; (b) Setup of the eddy covari-
ance system at ST2 with a WindMaster Pro ultrasonic anemometer, LI7500A open-path CO2/H2O
analyzer, and LI-7700 open-path CH4 analyzer; (c) Google Earth map of ST1 and ST2 (the yellow
circles indicate the position of the eddy covariance towers).

The experiment was conducted at ST1 in 2018 under transplanted and mild AWD
irrigation. The detail of mild AWD has been reported by Liu [21]. To observe the variation
in CH4 flux under direct-seeded and local farms’ traditional irrigation method, another
experiment was conducted at ST2 in 2019–2020. Local farmers generally adopt the flooded
irrigation method with mid-season drainage, which would avoid ineffective tillering. How-
ever, as reported by Chen et al. [54], in 2019, Jiangxi experienced continuous drought in
summer and autumn, the influence of which was the widest and strongest since meteo-
rological records. Frequent flooded and non-flooded alternates occurred at ST2 in 2019
owing to farmers’ lack of timely irrigation. Therefore, the irrigation methods for late rice in
2019 and 2020 were AWD and flooded with mid-season drainage respectively. Mid-season
drainage in 2018 late rice and 2020 early rice were failed because of rainfall events during
the period. Owing to frequent rainfall events and instrument malfunctions, the data from
early rice in 2018 and 2019 were not qualified. As reported by Ge et al. [49], during the
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rainy periods the raindrops and dirt would accumulate on the mirrors. Continuous rainfall
prevented the self-cleaning system from cleaning the mirror because the cleaning fluid
stored in the washer was used up in a short time, thus the signal strength of the instru-
ments was very low (10%) during the rainy periods. Therefore, the data from early rice in
2018 and 2019 were not included in the analysis. Both sites were located in the centre of
homogeneous paddy fields. Since the 2 sites were only 1.45 km away, the climate pattern,
soil type, wind direction and rice cultivar were the same. However, the field management
among years was different to create variability between the influencing factors, and the
timing of the crop rotation at the two sites is listed in Table 1. The seeds of the rice at ST2
were broadcast at a rate of 300 seeds m−2, and the late rice at ST1 was transplanted at a rate
of 100 seeds m−2. The total N fertilizer applied was 162 kg N hm−2 for the late rice at ST1,
and fertilizer was applied as basal fertilizer and at the tillering and panicle initiation stages
at a ratio of 5:3:2. The total N fertilizer applied was 160 kg N hm−2 for both rice seasons at
ST2 and was applied at a ratio of 5:5. Mid-season drainage was the only time of drainage
during the whole growing season, the timing of which is listed in Table 1. Natural drying
downs were allowed in the AWD treatments.

Table 1. Crop management for ST1 and ST2.

Growth Stage Field Management Fertilizer Application

2018–late rice–ST1 (WT a: AWD)
Vegetative stage 27 July–25 August Field ponding 20 July Basal fertilizer 26 July

Reproductive stage 26 August–6 October Transplanting 26 July Tillering fertilizer 2 August
Ripening stage 7 October–31 October Mid-season drainage 21 August–25 August Panicle fertilizer 28 August

Harvest 1 November
2019–late rice–ST2 (WT a: local farms’ traditional irrigation method)

Vegetative stage 12 July–30 August Field ponding 6 July Basal fertilizer 11 July
Reproductive stage 31 August–2 October Seeding 10 July Tillering fertilizer 20 August

Ripening stage 3 October–14 November Mid-season drainage 26 August–30 August
Fallow season 15 November–10 March Harvest 15 November

2020–early rice–ST2 (WT a: local farms’ traditional irrigation method)
Vegetative stage 24 March–13 May Field ponding 20 March Basal fertilizer 24 March

Reproductive stage 14 May–16 Jun Seeding 23 March Tillering fertilizer 1 May
Ripening stage 17 June–11 July Mid-season drainage 8 May–13 May

Harvest 12 July
2020–late rice–ST2 (WT a: local farms’ traditional irrigation method)

Vegetative stage 12 July–7 September Field ponding 6 July Basal fertilizer 12 July
Reproductive stage 8 September–10 October Seeding 10 July Tillering fertilizer 19 August

Ripening stage 11 October–20 November Mid-season drainage 28 August–7 September
Harvest 21 November

a WT: water management.

2.2. Eddy Covariance and Meteorological Measurements

The key instruments of the EC system at ST1 consisted of a fast-response 3D sonic
anemometer (R3-50, Gill Instruments, Inc., Hampshire, UK), an open-path CH4 gas analyzer
(LI-7700A, Li-COR Biosciences, Inc., Lincoln, NE 68504, USA), an open-path CO2/H2O gas
analyzer (LI-7500A, Li-COR Biosciences, Inc., Lincoln, NE 68504, USA), and a data logger
(LI-7500, Li-COR Biosciences, Inc., Lincoln, NE 68504, USA) to record raw data from the
open-path EC system. For ST2, the CO2/H2O and CH4 gas analyzers and data logger were
the same as those for ST1, and a WindMaster Pro (Gill Instruments Inc., Hampshire, UK)
was used to measure the wind speed in all 3 dimensions. All the sensors at the 2 sites were
installed at a height of 2.5 m above ground level.

The meteorological sensors at each site included a combined humidity and tempera-
ture sensor (HMP155, Vaisala, Inc., Helsinki, Finland), a net radiometer (NR Lite 2, Kipp
& Zonen, Inc., Delft, Holland) and a photosynthetically active radiation (PAR) sensor
(LI-190SB, Li-COR Biosciences, Inc., Lincoln, NE 68504, USA) installed at a height of 3 m;
3 soil heat flux plates (HFP01, Hukseflux, Inc., Delft, Holland) buried at a depth of 5 cm;
3 combined soil moisture and temperature sensors (ML2x, Delta-T Devices, Inc., Cam-
bridge, UK); and a tipping bucket rain gauge (TR-525M, Texas Electronics, Inc., Dallas,
TX 75237, USA).
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2.3. Data Processing

Eddy Pro software (Version 6.0, LI-COR Bioscience, Inc., Lincoln, NE 68504, USA)
was adopted to compute, perform quality control on and correct the half-hourly CO2 and
CH4 fluxes. The correction practices included coordinate rotation via double rotation [55],
correction for density fluctuations (WPL correction) [56], spectral correction [57], and spike
detection. The following types of CH4 data were excluded from subsequent analyses:
(1) those flagged as low quality by EddyPro (0-the best quality, 1-medium quality suitable
for general analysis, 2-poor quality that should be discarded); (2) those obtained during
periods of rainfall, instrument malfunction or human disturbance; (3) those obtained when
the U* was lower than 0.15 m s−1; and (4) those with relative signal strength indicator
(RSSI) values below 10% [34,49]. The filtering of CO2 data used criteria (1)–(3) above. After
the data cleaning procedure, the 63.8%, 69.2%, 59.8% and 58.8% data were retained for
2018–2020 late rice and 2018 early rice respectively.

The mean diurnal variation (MDV) [58] method was adopted to fill the gaps in
the micrometeorological and CH4 flux data. The daytime and nighttime net ecosystem
exchange (NEE) were filled in separately on the basis of the assumption that at night, NEE
equals the total ecosystem respiration (Reco) due to the absence of photosynthesis, while
during the day, NEE is the difference between Reco and gross primary production (GPP)
(Equation (1)):

NEE =

{
Reco(nighttime)

Reco − GPP(daytime)
(1)

where GPP is the sum of available daytime NEE and Reco (µmol CO2 m−2 s−1) and Reco is
the respiration of the ecosystem (µmol CO2 m−2 s−1).

An empirical function estimating Reco was fitted according to Taylor [59] based on the
assumption that respiration is controlled mainly by temperature.

Re = a•eb•Ts−Tref (2)

where a and b are empirical constants, Ts is the soil temperature at 5 cm depth, and Tref
is a reference temperature (25 ◦C). It was assumed that Equation (2) is applicable for the
daytime and that GPP can be estimated by Equation (3) [60] based on the assumption that
photosynthesis is controlled mainly by PAR in a short period of time.

GPP =
PmaxαPAR

Pmax + αPAR
(3)

where Pmax is the hypothetical maximum GPP, α is the initial slope of the function of
ecosystem quantum yield, and PAR is the photosynthetically active radiation flux measured
above the canopy.

2.4. Data Analysis
2.4.1. Spectral Analysis at the Diurnal Scale

The entire growing season was split into 3 stages to analyse the diurnal patterns of
CH4 fluxes: the vegetative stage, reproductive stage and ripening stage.

Wavelet transforms are suitable for the spectral analysis of trace gas flux data mea-
sured by eddy covariance and were used to explore the correlation between CH4 flux
and biophysical controls [32,44]. Continuous wavelet transform with the Morlet mother
wavelet was used to examine the periodicity of the spectra of the CH4 fluxes, and the
correlation between the CH4 fluxes and biophysical controls was tested with the wavelet
coherence spectrum.

2.4.2. Semiempirical Multiplicative Model Construction at the Seasonal Scale

According to previous studies [34,38,60–62], the soil temperature (Ts), U*, SWC,
vapour pressure deficit (VPD) and GPP are essential variables controlling daily CH4 fluxes.
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The semiempirical multiplicative model has been proven to be an effective tool to model
daily CH4 fluxes with biophysical controls in paddy fields [49]. Therefore, a semiempirical
multiplicative model was employed to rank the factors influencing daily CH4 emissions:

FCH4 = a ∗ bTsoiln ∗ cUn ∗ dVPDn ∗ eSWCn ∗ fGPPn (4)

where Tsoiln, Un, VPDn, SWCn and GPPn are the normalized Ts, U*, VPD, SWC and GPP,
respectively, following Equation (5):

Xn =
X − Xmin

Xmax − Xmin
(5)

where Xn is the normalized variable, X is the original variable, Xmax and Xmin are the
maximum and minimum variables during the period.

First, all 5 variables were incorporated into the model, and then the p-values of the
5 factors were obtained and ranked. Then, stepwise multivariate regression models were
constructed based on the rank according to Equation (5). The coefficient of determination
(R2) was adopted as the indicator to evaluate the performance of each model.

The semiempirical models were constructed in 2 different ways. ‘Model-1’ was
constructed using the data from the whole growing season. Considering that the main
controlling factors might vary in different periods of rice growth, ‘Model-2’ was constructed
according to the pattern of the seasonal CH4 flux. The whole growing season was split into
2 or 3 periods when different models were developed. Owing to the single-peak pattern of
the seasonal CH4 fluxes, the whole growing seasons of late rice in 2018 and of early rice
in 2020 were split into 2 periods by mid-season drainage. However, the whole growing
seasons of late rice in 2019 and in 2020 were split into 3 periods by mid-season drainage,
as well as the double-peak pattern of the seasonal CH4 fluxes. The periods of mid-season
drainage were included in ‘Model-2’.

3. Results and Discussion
3.1. Diurnal Variations in CH4 Fluxes and Driving Factors

During the vegetative stage of all four rice growing seasons and the reproductive stage
of early rice, the CH4 fluxes showed a distinct diurnal pattern: the CH4 fluxes started to
increase at approximately 10:00, reached a peak at 14:00–16:00, decreased to low values after
20:00, and then maintained low values without significant fluctuations at night (Figure 2).
The CH4 fluxes in the vegetative stage of late rice were much greater than those during the
reproductive stage and ripening stage. They were the greatest in the reproductive stage of
early rice, followed by the vegetative stage and the ripening stage.

Many previous studies have shown that in flooded ecosystems, CH4 fluxes fluctuate
regularly at diurnal timescales; these fluctuations are related to cyclical changes in tem-
perature, solar radiation and the physiological state of rice plants during the day [9,11,29].
Many scholars have reported that the CH4 fluxes in paddy fields worldwide exhibit a
single-peak diurnal pattern, with the peak value occurring in the afternoon [2,9,12,41,63].
However, it has been reported by some scholars that CH4 fluxes in paddy fields do not
change regularly [35,64]. Wang et al. [64] reported that two intraday peak CH4 fluxes
occurred at 12:00 and 0:00 during the early growing season, while only one peak occurred
at midnight later in the growing season. In this study, a single-peak diurnal pattern was
observed during the reproductive stage of early rice but not during the three seasons of late
rice, which may be the result of inadequate mid-season drainage of the early rice caused
by rain.
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represents the standard deviations of the half-hourly CH4 fluxes.

The net CH4 flux is the result of the simultaneous microbial production, oxidation and
transport of CH4 and is thus controlled by meteorological and biophysical factors. Previous
studies have shown that temperature strongly affects CH4 fluxes in paddy fields [65,66].
The activity of methanogens is enhanced at the optimum temperature [67], while the
plant-mediated CH4 transport, molecular diffusion and ebullition of CH4 [65] also increase
with increasing temperature. The GPP represents the CO2 assimilation capacity of a
region and is an indicator of plant physiology. The air temperature (Ta) and GPP changed
regularly in the span of one day and represent typical meteorological and biophysical
factors driving diurnal CH4 fluxes. As shown in Figure 3, all wavelet coherence had high
periodic coherence at the 24 h timescale, which was consistent with the cyclical and regular
changes in CH4, Ta and GPP throughout the day. In Figure 3a,c,e,g, the arrows point to
the right and have a very low positive inclination, while in Figure 3b,d,f,h, the arrows
point to the right and have a very low negative inclination. The phase angles of GPP and
Ta with CH4 fluxes were very small. The correlations between the two time series were
strong and GPP, rather than Ta, was the driver of diurnal CH4 emissions. The phenomenon
was also reported by Knox et al. [44], which could be explained by the fact that the main
methanogenic substrates are obtained through photosynthesis; thus, it would take several
hours to transport them from leaves to roots [32,68].

3.2. Seasonal Variations in Biophysical Factors and CH4 Fluxes

The seasonal variations in biophysical factors and CH4 fluxes are shown in Figures 4 and 5.
Owing to instrument failure, the data of net solar radiation (Rn) for early season 2020 was
lost. The net solar radiation showed decreasing/increasing trends during the growing
seasons of late/early rice that were similar to those of Ta. The soil temperature at 5 cm
depth (Ts5) differed slightly from Ta and fluctuated less. Early rice in 2020 remained
flooded until the middle of the reproductive stage. Late rice in 2018 was flooded except
for some drying downs in the reproductive stage. Owing to severe drought, late rice in
2019 experienced several periods of dry and wet alternates. Late rice in 2020 was flooded
except for mid-season drainage, as well as ripening stages. Reco varied similarly to Ta in
both early and late rice. GPP and NEE increased in the vegetative stage, declined slightly
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in the reproductive stage and decreased slowly in the ripening stage. The GPP and NEE of
early rice were slightly lower than those of late rice.
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Large seasonal variations in daily CH4 were observed in the two double-cropping
paddy fields (Figure 5a). In late rice in 2018, the paddy field was flooded six days before
transplanting, and the daily CH4 fluxes decreased gradually after transplanting. The mean
CH4 fluxes in the vegetative stage, reproductive stage and ripening stage were 0.42, 0.09,
and 0.01 µmol m−2 s−1, respectively, and the largest daily CH4 flux was 0.71 µmol m−2 s−1

on the first day after transplantation. In late rice in 2019, the CH4 fluxes increased rapidly
after basal fertilizer application, reached maximum daily emissions of 1.304 µmol m−2 s−1,
and declined rapidly thereafter. Then, the CH4 fluxes increased from 2 August and reached
a second peak before mid-season drainage. During this period, the temperature and SWC
fluctuated slightly, while GPP increased significantly. Therefore, it is assumed that the
increase in daily CH4 flux was related to the growth of rice plants (Figure 5d). The CH4
fluxes declined sharply during mid-season drainage and remained low after mid-season
drainage. The average CH4 fluxes during the vegetative stage, reproductive stage, ripening
stage and fallow season were 0.345, 0.046, 0.011 and 0.001 µmol m−2 s−1, respectively. In
early rice in 2020, the CH4 fluxes increased gradually 30 days after seeding, declined slowly
during the reproductive stage, and remained low at approximately 0.02 µmol m−2 s−1.
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The average CH4 fluxes during the vegetative stage, reproductive stage and ripening stage
were 0.084, 0.232, and 0.022 µmol m−2 s−1, respectively. The first peak occurred in the
vegetative stage, at 0.380 µmol m−2 s−1, while the second occurred in the reproductive
stage, at 0.377 µmol m−2 s−1. In late rice in 2020, CH4 fluxes increased rapidly after seeding,
reaching the first peak of 0.952 µmol m−2 s−1 at 11 days after seeding. The CH4 fluxes
decreased gradually in the reproductive stage and remained low thereafter. The average
CH4 fluxes during the vegetative stage, reproductive stage and ripening stage were 0.498,
0.058 and 0.006 µmol m−2 s−1, respectively.
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Ge et al. [49], Dai et al. [50] and Song et al. [34] observed that the maximum daily
CH4 flux was 0.355 µmol m−2 s−1 (from a single-season paddy field in Yancheng, China),
1.15 µmol m−2 s−1 (from a rice-wheat rotation agroecosystem in Nanjing, China) and
0.69 µmol m−2 s−1 (from a double-cropping paddy field in Yiyang, China) by EC. Al-
berto et al. [66] observed that the maximum daily CH4 flux from a double-cropping paddy
field in the Philippines during the growing period from 2013 to 2014 was 0.03 µmol m−2 s−1,
0.27 µmol m−2 s−1 and 0.46 µmol m−2 s−1. The maximum daily CH4 flux observed by
Hwang et al. [1] in Korea was 0.27 µmol m−2 s−1. The maximum daily CH4 flux observed
from late rice in Nanchang is higher than that of many places, while the maximum daily
CH4 flux of early rice is comparable to that of other places. The reason is that high temper-
atures and sufficient water during the growing season of late rice were favourable for the
production of CH4.

3.3. Driving Factors of Seasonal CH4 Fluxes

The determination coefficients (R2) of the semiempirical multiplicative model are
listed in Table 2. Model-1 performed better than Model-2 for 2018 and 2020 late rice, and
Model-2 performed better for 2019 late rice. Unlike in the other seasons, for early rice in
2020, Model-2 outperformed Model-1 at P1, and Model-1 outperformed Model-2 at P2. The
different performances of the two models in different growing seasons may be because
only one peak was observed during the whole late rice seasons in 2018 and 2020; thus,
constructing the model with data from the whole growing season would be more effective
than constructing the model with partial-season data.

Table 2. Coefficients of determination (R2) a for the stepwise multivariate regression models.

Model-1
Model-2

P1 b P2 b P3 b

Variable R2 Variable R2 Variable R2 Variable R2

2018 late rice
Ts5 0.921 Ts5 0.690 Ts5 0.789

SWC 0.941 GPP 0.735 SWC 0.839
U* 0.942 RH 0.737 GPP 0.850

GPP 0.942 SWC 0.739 RH 0.850
RH 0.942 U* 0.739 U* 0.850

2019 late rice
Ts5 0.793 SWC 0.809 GPP 0.856 Ts5 0.903

GPP 0.836 RH 0.848 RH 0.872 SWC 0.906
SWC 0.847 Ts5 0.878 U* 0.881 GPP 0.909
RH 0.854 U* 0.882 Ts5 0.881 U* 0.911
U* 0.856 GPP 0.882 SWC 0.881 RH 0.911

2020 early rice
SWC 0.163 GPP 0.108 SWC 0.838
Ts5 0.584 SWC 0.534 GPP 0.860
RH 0.702 RH 0.541 RH 0.875
GPP 0.702 Ts5 0.555 Ts5 0.876
U* 0.702 U* 0.555 U* 0.876

2020 late rice
Ts5 0.826 U* 0.142 RH 0.458 Ts5 0.791
RH 0.852 RH 0.292 GPP 0.578 GPP 0.814
GPP 0.874 SWC 0.328 U* 0.647 SWC 0.825
SWC 0.881 Ts5 0.381 SWC 0.728 U* 0.827

U* 0.881 GPP 0.449 Ts5 0.731 RH 0.827

(R2) a: R2 corresponded to the coefficient of determination when the corresponding row and the elements above
it were used to construct the multiplicative model. P1–P3 b: different periods of the whole growing season
determined as described in Section 2.4.2.
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As shown in Table 2, Ts5 was able to explain 92.1% and 82.6% of the seasonality in
CH4 fluxes when Model-1 was adopted for 2018 and 2020 late rice, respectively. When all
five factors were used to construct the multiplicative model, R2 were 0.942 and 0.881 for
2018 and 2020 late rice, respectively. The increase in R2 was only 0.021 and 0.055 when the
other four factors were all taken into consideration, indicating that Ts5 was the dominant
factor regulating seasonal CH4 fluxes in late rice in 2018 and 2020. Similarly, Ts5 was the
main controlling factor for the whole growing season in late rice in 2019. SWC, GPP and
Ts5 were the main drivers at P1, P2 and P3, respectively. Unlike in the other three growing
seasons, SWC and Ts5 were the two most important controlling factors regulating daily
CH4 fluxes in early rice in 2020. GPP and SWC were the factors controlling seasonal CH4
fluxes in P1 and P2, respectively.

In general, daily CH4 fluxes were strongly explained by Ts5 in the paddy fields from
2018 to 2020 in this study. The mechanism by which temperature affects CH4 has been de-
scribed above in Section 3.1. Adding GPP or SWC to the model somewhat increased its R2,
implying that photosynthesis and the soil water content also regulate daily CH4 emissions
to a certain extent. The efficiency of CH4 flux transplanting will increase with the growth
of rice plants, as plant-mediated CH4 transport is the main pathway conveying CH4 from
the soil to the atmosphere [35,69]. Meanwhile, Knox et al. [44] reported that the increase in
oxygen produced by photosynthesis and transferred to roots would result in an increase
in methane emission fluxes. Therefore, GPP was able to explain the seasonal variability
in the CH4 flux. Standing water above the soil provides an anaerobic environment that is
favourable for methanogenic bacteria; this anaerobic environment has been reported to
be an indispensable condition for CH4 production [41,50]. Many previous studies have
indicated that the water table operates like a general ‘on-off switch’ for CH4 emissions.
When the water layer disappeared, SWC regulated the balance between CH4 production
and oxidation by influencing the depth of anaerobic and aerobic zones in the soil. Addi-
tionally, as explained in Section 3.4, the daily CH4 fluxes probably increased slightly and
then declined sharply after drainage, and the longer drainage periods could strongly affect
the subsequent daily CH4 fluxes. RH and U* played minor roles in regulating daily CH4
fluxes compared with Ts5, GPP and SWC over the course of the growing season. RH was
reported to influence CH4 fluxes by the occurrence of convective throughflow caused by
humidity-induced pressurization [70]. Similarly, Iwata et al. [41] observed the dependence
of daily CH4 fluxes on relative humidity in the post-heading period. CH4 fluxes were
enhanced by increased turbulent mixing [41,44]; therefore, U* mainly affected short-term
CH4 fluxes and had less influence on daily CH4 fluxes.

The main controlling factors identified in this study are slightly different from those
identified in previous studies. Knox et al. [44] analysed 6.5 years of eddy covariance
measurements of fluxes of CH4 from a flooded rice paddy in northern California, USA,
and reported that the seasonal variability in CH4 fluxes was strongly regulated by GPP,
followed by Ts5. However, Iwata et al. [41] reported that before the heading stage of
rice, CH4 emissions were largely controlled by wind speed and Ts5, while RH and water
temperature had a greater effect on daily CH4 emissions after heading. Iwata et al. [41]
explained that the shift in the environmental dependence of CH4 emissions between
cultivation stages occurred due to the shift in transport pathways, as well as changes in the
rate and quality of root exudates. It is reported by Dai et al. [50] that seasonal variations of
soil temperature, air temperature, and GPP had strong effects on daily CH4 fluxes during
pre-panicle initiation of the rice growing season, while the soil temperature and leaf area
index had very strong effects on daily CH4 fluxes during the post-panicle initiation stage
from a rice-wheat rotation agroecosystem in eastern China. The variability in the results of
these studies and our study can be attributed to differences in the study areas. Because rice
paddies are managed ecosystems and the production, oxidation and transport of CH4 are
complex and nonlinear, the seasonal variability in daily CH4 emissions inevitably varies
due to differences in biophysical factors, soil types, regional climates, crop species and field
management practices.
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3.4. Effect of Drainage on CH4 Fluxes

As shown in Figure 5a, daily CH4 fluxes declined sharply after mid-season drainage
in 2019 late rice. This phenomenon seemed to occur because CH4 oxidizes when exposed to
air. Meanwhile, electron acceptors in the aquifer become reduced, so the soil environment
is not favourable for methanogenic bacteria even when the paddy field is reflooded [40].
This finding is consistent with that of Inubushi [70], who observed that if paddy fields were
drained for more than two days, CH4 fluxes would not be restored to their emission level
before mid-season drainage. Similarly, Wassmann et al. [71] reported that the pattern and
magnitude of seasonal CH4 fluxes in the whole growing season varied with mid-season
drainage and that up to 80% of CH4 fluxes would be reduced when soils experienced aero-
bic conditions for 6–10 days in paddy fields. Kim et al. [31] also reported that mid-season
drainage decreased CH4 emissions from an irrigated rice paddy. However, Hwang et al. [1]
showed that after 21, 12 and 15 days of mid-season drainage in paddy fields in Korea from
2016 to 2018, the peak daily CH4 fluxes were greater than those before mid-season drainage.
The finding was different from those presented in this study and may be attributable to
differences in the cropping system and regional climate. The paddy fields in Korea applied
a single-season system in which the Ta increased continuously for a while after mid-season
drainage, while the paddy fields in China applied a double-cropping rice system in which
the Ta tended to decrease throughout the growing season. Combining our observations
with those of others, we concluded that the changes in daily CH4 fluxes after mid-season
drainage are controlled by multiple factors and are thus site dependent.

Mid-season drainage was performed during the four seasons observed in this study. In
addition to drainage, natural field drying also caused the disappearance of the water layer
in the field. The daily CH4 fluxes showed a brief rise followed by a sharp fall on 26 August
2019, 19 September 2019 and 23 July 2020, while the daily CH4 fluxes declined directly after
the disappearance of the water layer on 9 September 2018 and 15 June 2020. Taking the
mid-season drainage on 26 August 2019 as an example, the half-hourly CH4 fluxes, Ts5 and
SWC are shown in Figure 6. On 26 August, the CH4 fluxes increased, SWC decreased and
Ts5 varied little, implying that the production of CH4 did not change; thus, the increase
in CH4 fluxes on 26 August was mostly likely attributable to the increase in transport
efficiency. This finding could be explained by the fact that when the standing water had
just disappeared, the soil in the paddy field experienced anaerobic conditions, and the
resistance that CH4 gas needed to overcome to move from the soil to the air was reduced;
therefore, the transport efficiency for CH4 increased [41]. Then, with the continuous decline
in SWC, the soil environment changed from anaerobic to aerobic, resulting in a lower rate
of methane production and a faster rate of oxidation; consequently, CH4 fluxes decreased.
This finding was also reported by Alberto et al. [66], Ge et al. [49] and Iwata et al. [41].
Researchers have also found that the magnitude and duration of the increase in CH4 flux
depended on how much CH4 was stored in the soil before mid-season drainage.

3.5. Inter-Seasonal Variations in CH4 Fluxes and Driving Factors

As shown in Table 3, the total emissions of CH4 were 21.63, 19.13, 23.95 and 14.52 g C-CH4 m−2

for late rice in 2018–2020 and early rice in 2020, respectively. The CH4 emissions of the
total growing season in this study were comparable to those in the studies by Ge et al. [49]
(19.20 g C-CH4 m−2 in a single-season paddy field in Yancheng, Jiangsu Province) and
Wang et al. [39] (20.78 g C-CH4 m−2 in a single-season paddy field in Nanjing, Jiangsu
Province) but were lower than those found by Dai et al. [50] (54.69 g C-CH4 m−2 in a rice-
wheat rotation agroecosystem in Nanjing, Jiangsu Province) and greater than those found
by Alberto et al. [66] (3.26 g C-CH4 m−2 in a single-season paddy field in the Philippines).
Obviously, the seasonal total CH4 emissions were site dependent and varied with time.
The differences in these results are due to the different environmental conditions and
field management practices. Knox et al. [44] reported that CH4 emissions for the whole
growing season ranged from 2.5–11.1 g C m−2 during 2009–2015 in a California paddy
field, which was well below the emissions from Nanchang in this study. The mean Ta of
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the whole growing season averaged from 18.6 to 20.5 ◦C in California, and the greater
temperature is thought to be the main reason for the greater CH4 emissions in Nanchang.
Meijide et al. [46] observed that CH4 emissions ranged from 27.9 to 37.2 g C m−2 in an
Italian paddy field; in this case, water management can account for the differences between
the two sites because the paddy field in Italy was continuously flooded before ripening
without mid-season drainage.
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Table 3. CH4 emissions, GPP during the whole season and before mid-season drainage, mean Ta, and the ratio of CH4 to
GPP for the whole growing season in the four growing seasons.

Rice Season

CH4 (g CH4 m−2) GPP (g CO2 m−2)
Mean Ta (◦C) F(CH4/GPP) %Whole

Season
Before Mid-Season

Drainage
Whole
Season

Before Mid-Season
Drainage

2018 late rice 21.63 13.70 889.53 242.26 25.83 2.43
2019 late rice 19.13 16.24 1245.95 471.40 26.46 1.54

2020 early rice 14.52 6.78 746.57 134.71 23.11 1.94
2020 late rice 23.95 21.14 1081.13 460.60 24.74 2.22

As shown in Table 3, the CH4 emissions before mid-season drainage were 13.70, 16.24,
21.14, and 6.78 g CH4 m−2 for 2018–2020 late rice and 2020 early rice and accounted for
63.4%, 84.9%, 88.3%, and 46.7% of the whole growing season emissions, respectively. Before
mid-season drainage, the CH4 emissions of late rice in 2018 were lower than those in 2019
and 2020, which was attributed to the differences in planting type, irrigation type and
climate. Late rice in 2018 was transplanted, but it was direct-seeded in 2019 and 2020;
therefore, the periods before mid-season drainage were shorter in 2018. Additionally,
because AWD was applied in 2018 late rice, the rice plants were dried several days after
transplanting. Also, transplanted rice has a lower planting density than direct-seeded rice.
Therefore, the GPP of late rice in 2018 was lower than that of late rice in 2019 and 2020 (as
shown in Table 3, the GPP was 889.53, 1245.95 and 1081.13 g CO2 m−2 in 2018, 2019 and
2020 late rice, respectively). However, the CH4 emissions of late rice in 2018 were higher
than those in 2019 and 2020 after mid-season drainage, which was due to rainfall during
mid-season drainage for late rice in 2018. Kim et al. [31] reported that mid-season drainage
decreased CH4 emissions from an irrigated rice paddy, but if rainfall occurred during the
period, the reduction effect on CH4 emissions became small. As shown in Figure 5, the
CH4 flux did not drop sharply after mid-season drainage for late rice in 2018, which was
consistent with Kim et al. [31]. As shown in Figure 5, the difference in CH4 emissions
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between 2019 and 2020 late rice were originated from the CH4 emissions from 24 July to
27 August. Figure 7 shows that the total precipitation and times of rainfall events greater
than 10 mm from 24 July to 27 August in 2019 were clearly greater than those in 2020. As
shown in Figure 5, CH4 emissions of late rice in 2019 dropped sharply after mid-season
drainage and remained low thereafter. Therefore, it is assumed that the drier soil conditions
in the vegetative stage contributed to the lower CH4 emissions in late rice in 2019. The mean
Ta of early rice was slightly lower than that of late rice, while the GPP was significantly
lower. In addition, the total precipitation during the 2018–2020 late rice seasons and the
2020 early rice season was 415.0, 201.6, 409.8 and 1265.2 mm, respectively. It is speculated
that photosynthesis decreased because of the lower temperatures and frequent rainfall
events, which would have resulted in a decrease in methanogenic substrates. Thus, the
difference between the CH4 emissions of early and late rice originated from variations in
the growth state of rice plants.
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The ratio of CH4 emissions to GPP (FCH4/GPP) was proposed by Knox et al. [44] as
being useful for estimating CH4 emissions at the regional scale. The FCH4/GPP (%) values
in 2018–2020 late rice and 2020 early rice in Nanchang were 2.52, 1.56, 1.97 and 1.94%,
respectively. Simultaneous observations of CO2 and CH4 via EC are limited worldwide,
and FCH4/GPP (%) has been observed to range from 1.3 to 2% in India [72] and Japan [61]
and from 0.2% to 0.9% in a California rice paddy from 2009–2015 [44]. Knox et al. [44]
suggested that FCH4 could be estimated as a variable fraction of GPP that increases linearly
with increasing Ts5, which may be the reason why the FCH4/GPP in Nanchang was
greater than that in California. Studies have indicated that FCH4/GPP depends on the
soil, fertilizer type [73] and flood water management [66]. The mechanisms by which these
factors influence FCH4/GPP are an issue that merits further research.

4. Conclusions

Based on continuous measurements performed in two double-cropping paddy fields
using the EC technique in southern China from 2018 to 2020, this study investigated the
variations and drivers of CH4 fluxes at diurnal, seasonal and inter-seasonal scales. A
significant single-peak diurnal pattern was observed during the vegetative stage of all
four rice growing seasons and the reproductive stage of early rice, and wavelet analysis
indicated that GPP, rather than Ta, drove diurnal CH4 fluxes. Large seasonal variations in
daily CH4 emissions were observed in the two double-cropping paddy fields, and Ts5 was
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able to explain most of the seasonality of the CH4 fluxes, followed by GPP and SWC. At the
inter-seasonal timescale, the CH4 emissions for the total growing season ranged from 14.52
to 23.95 g C-CH4 m−2. The double-cropping paddy field in southern China is a relatively
large source of CH4 emissions. The results of this study indicated that reducing the amount
and frequency of irrigation during the vegetative stage under direct-seeded combined with
traditional irrigation modes could decrease CH4 emissions in southern China. Choosing
rice varieties that exhibit early tillering could reduce the length of time before mid-season
drainage and then reduce GHG emissions from late rice. Our study on the pattern of CH4
fluxes and their linkages with biophysical controls at multiple timescales will be helpful
for estimating GHG budgets at regional and global scales and offers useful information for
field managers and policymakers.
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