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Abstract: Methane (CH4) is one of the key greenhouse gases (GHGs) in the atmosphere with
current concentration of 1859 ppb in 2017 due to climate change and anthropogenic activities.
Rivers are of increasing concern due to sources of atmospheric CH4. However, knowledge and
data limitations exist for field studies of subtropical agricultural river catchments, particularly in
southern China. The headspace balance method and the diffusion model method were employed
to assess spatiotemporal variations of CH4 diffusive fluxes from April 2015 to January 2016 in four
order reaches (S1, S2, S3, and S4) of the Tuojia River, Hunan, China. Results indicated that both the
dissolved concentrations and diffusive fluxes of CH4 showed obvious spatiotemporal variations.
The observed mean concentration and diffusive flux of CH4 were 0.40 ± 0.02 µmol L−1 and 41.19 ±
2.50 µg m−2 h−1, respectively, showing the river to be a strong source of atmospheric CH4. The CH4

diffusive fluxes during the rice-growing seasons were significantly greater than the winter fallow
season (an increase of 80.26%). The spatial distribution of CH4 diffusive fluxes increased gradually
from (17.58 ± 1.42) to (55.56 ± 4.32) µg m−2 h−1 due to the organic and nutrient loading into the
river waterbodies, with the maximum value at location S2 and the minimum value at location S1.
Correlation analysis showed that the CH4 diffusive fluxes exhibited a positive relationship with the
dissolved organic carbon (DOC), salinity, and water temperature (WT), while a negative correlation
occurred between CH4 diffusive fluxes and the dissolved oxygen (DO) concentration, as well as the
pH value. Our findings highlighted that a good understanding of exogenous nutrient loading in
agricultural catchments will clarify the influence of human activities on river water quality and then
constrain the global CH4 budget.

Keywords: CH4 diffusive fluxes; spatiotemporal variation; agricultural catchment; river network;
human activities

1. Introduction

Methane (CH4) is a powerful greenhouse gas (GHG), which has a 28 times greater global
warming potential (GWP) than carbon dioxide (CO2) over a 100-year time period [1], accounting for
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approximately 20% of the radiative forcing added to the atmosphere [2]. Therefore, when GWP is
expressed in CO2 equivalents, CH4 is an important contributor to GHG emissions [3]. The current global
concentration of atmospheric CH4 (~1859 ppb) reached 257% of the preindustrial level (~722 ppb) due to
increased emissions from anthropogenic sources and, at present, is increasing by 7 ppb percent year [4].
In addition, as a consequence of increasing CH4 concentrations, global atmospheric temperature will
rise by 1.5–4.8 ◦C by the end of this century [1]. Terrestrial freshwater has been well documented as a
major source of atmospheric CH4. The global CH4 emission rate from global freshwater is estimated
to be 26.8–103.3 Tg yr−1, accounting for a significant share of 50% of anthropogenic CH4 emissions
to the atmosphere [5–7]. However, recent studies have shown that CH4 emissions from freshwater
are the most uncertain component of this current estimate of terrestrial freshwater systems, primarily
due to the small amount of data, limited geographic distribution of measurements, and the great
diversity of hydrology and climates across terrestrial freshwaters [3,8], particularly in the riverine
types, which vary in terms of different CH4 emissions under different river systems [9]. Therefore,
more comprehensive data from riverine areas are required to accurately represent, within global CH4

budgets, the continental CH4 fluxes associated with terrestrial rivers.
Across the world, rivers are impacted by urbanization and industrialization, and they are generally

highly variable in terms of CH4 emissions [10–12]. Up to now, few measurements of CH4 fluxes from
rivers impacted by agriculture (rice paddies) have been reported, despite being an anthropogenic
source of CH4 [8]. Previous studies have shown that CH4 emissions from riverine areas are close to
levels of organic material and nutrient inputs [7,8,13], whose high nutrient levels (available carbon
and nitrogen) and sediment loads can synergistically enhance the activity of microorganisms [14]
and, as a consequence, these environments contribute significantly to CH4 emissions. Rivers draining
into agricultural watersheds, particularly in rice cultivation, increase the availability of nutrients
in rivers via drainage, leaching, runoff, and soil erosion more easily than with rivers that are
unaffected by agriculture [15]. Previous studies have suggested that organic carbon (DOC), ammonium
nitrogen (NH4

+–N), and nitrate nitrogen (NO3
−–N) have increased from the river draining rice

paddy watershed with the increase of Strahler stream order [16,17]. Recent research has attempted to
quantify irrigation-induced CH4 emissions in the rivers draining into rice paddy watersheds and those
that are not impacted by agriculture [8]; however, they exhibit wide variations. Therefore, further
investigation is recommended on CH4 emissions from rivers impacted by agriculture as a key promoter
of climate change.

Given that terrestrial freshwater is an important potential source of atmospheric CH4 and plays
a significant role in global CH4 budgets, the pathways of CH4 production have therefore received
an increasing amount of attention [18]. CH4, produced naturally in the sediment under anaerobic
conditions via microbial processes, can be transported to the atmosphere by molecular diffusion, bubble
ebullition, and plant-mediated transportation [6]. Numerous studies have reported the pathways
responsible for CH4 production in terrestrial freshwater, which include fermentation of acetate and
reduction of carbon dioxide [18,19]. Numerous studies have demonstrated that the pathways of CH4

production are affected by temperature, acid concentration, pH, and nutrient levels [18–22]. At a
low acetate concentration (50 mmol L−1), acetoclastic methanogenesis dominated, regardless of the
ammonium concentration, while at higher acetate concentrations (150 and 250 mmol L−1) and at
low–medium ammonium levels (1–4 g N L−1), hydrogenotrophic methanogenesis dominated [19].
Surveys such as those conducted by Holmes et al. (2013) [18] showed that in nutrient-poor soil,
amounts of CH4 were produced via acetate fermentation, while at the nutrient-impacted site, the
proportion of CH4 produced via hydrogenotrophic methanogenesis increased from 25% to 50%.

China is now the second largest region for rice cultivation and the largest producer of rice in the
world, accounting for approximately 20% the world’s rice-producing area and 28.1% of global rice
production [23–25]. Simultaneously, a consequence of extensive rice cultivation, China is the country
with the largest amount of irrigation in the world [23]. In addition, China also has one of the largest
amounts of pig breeding in the world, with approximately 42,800 pigs situated there in 2018 [26].
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However, Hunan, a central province of China, is a traditional and major area of rice cultivation and
grain production, and it has the second largest annual output of pigs in China [27]. In order to increase
the crop grain yields draining into a subtropical rice paddy in China, large amounts of nitrogen fertilizer
and frequent irrigation are applied in the rice paddies. However, excessive use of nitrogen has led to
decreasing nitrogen use efficiency, and unused N from drainage and runoff flows may be transported
to rivers and increase sediment loading and nutrient enrichment, resulting in water pollution and CH4

emissions [16,17,28,29]. Rice paddies have been identified as a source of atmospheric CH4, and as
much as 50% of dissolved CH4 in soils and drainage water can also be transported into rivers that are
draining into rice paddy watersheds [29,30]. Moreover, livestock and poultry breeding can annually
produce as many as 380 million tons of manure and wastewater and may contribute 1.78–2.68 Tg
CH4 yr−1 outgassing to the atmosphere in China [31,32]. Moreover, when high carbon and nitrogen
inputs change dissolved oxygen, pH, and microbial activity and population structures in soils and
water, the pathways of CH4 production will change dramatically [14,18,33,34]. Unfortunately, rivers
impacted by agriculture (rice planting and livestock breeding) as an anthropogenic source of CH4 are
poorly represented in the subtropical region, China, particularly in the pathways of CH4 production.
However, up to now, the above situation is still uncertain.

Therefore, to clarify CH4 diffusive fluxes in rivers draining into a rice paddy watershed affected
by agriculture, a 10-month field measurement was undertaken to examine the effects of anthropogenic
activities on CH4 diffusive fluxes in Changsha, Hunan Province, China. In the present study, CH4

emissions were measured by the headspace balance method and the diffusion model method. The main
objectives of this study were first to capture spatiotemporal variations in dissolved concentrations and
diffusive fluxes of CH4 from rivers draining into rice paddy watersheds. Then, we aimed to examine
the dependence of CH4 diffusive fluxes on water parameters and nutrients. Finally, we also attempted
to reveal the main pathway of CH4 production in terrestrial rivers impacted by agriculture.

2. Materials and Methods

2.1. Experimental Sites

The Tuojia River, a tributary of the Xiangjiang River, represents a typical river impacted by
agriculture in subtropical central China. The study is located in Changsha, Hunan Province, China
(112◦56′–113◦36′E, 27◦55′–28◦40′ N), with a 52.10 km2 area and an elevation ranging from 56 m to
434.8 m above sea level from the estuary to headwaters [35]. The experimental area represented a
typical subtropical humid monsoon climate, with an annual mean air temperature of 17.2 ◦C and
precipitation of 1300 mm. Most of the rainfall occurs from April to July due to moist summer monsoons,
with the precipitation in this period accounting for approximately 70% of the total annual rainfall.
The study area is a typical hilly, agricultural catchment in subtropical central China, where forest and
paddy fields are the main land use types, accounting for 33% and 61.1% of the total catchment area,
respectively [36,37]. The experimental area has been dominated by paddy rice-cropping systems for
hundreds of years, with high amounts of organic materials and nitrogen fertilizer inputs (typically
applied at a fertilization rate of ~374 kg hm−2 yr−1) [27]. In general, early rice is planted in mid-April
and harvested in mid-July, while late rice is planted in late July and harvested in late October in the
experimental area. Midseason drainage and moist irrigation episodes are currently practiced in rice
paddies. In addition, the whole catchment area has a population of approximately 28,000, and the 60
farmers and urban residents surveyed have approximately 500 poultry and 500 pigs [35]. Of specific
interest is the density of average breeding being as high as 3.46 AU hm−2 [27]. Moreover, there are
dense settlements and scattered small factories and livestock farms along the river valley. The sampling
area is about 10 km from upstream to downstream of the river, the water body is 5 m wide, and the
water depth ranges from 0.1 m to 1 m.
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2.2. Sample Design and Collection

Surface water samples were collected weekly at 20 cm below the surface from the Tuojia River
over a 10-month period (April 2015 to January 2016) and analyzed for dissolved CH4 concentrations
and other water parameters. According to the grading characteristics of the river system and land use
types of the catchment, four order reaches were identified along the Tuojia River (S1, S2, S3, and S4)
from the origin to the estuary, and twelve locations (Figure 1) were selected for sampling along the four
reaches, with every three locations representing the upstream, midstream, and downstream section in
each reach, respectively. The four reaches were S1, S2, S3, and S4, in which S1 included numbers 1, 2,
and 3, S2 included numbers 4, 5, and 6, S3 included numbers 7, 8, and 9, and S4 included numbers 10,
11, and 12 [36].

Figure 1. Geographical location and sampling points of research site [36].

To prevent the temperature being able to affect CH4 emission rates and other parameters, water
samples were taken from the Tuojia River using a bucket within the 09:00–11:00 period (UTC +

8). Three replicate water samples were transferred from the bucket to sample bottles and medical
syringes to avoid bubbling from the dissolved methane and nutrient elements analyses, respectively.
Samples for determining ammonium (NH4

+–N), nitrate (NO3
−–N), and dissolved organic carbon

(DOC) concentrations were collected using 300 mL serum bottles, while samples for dissolved CH4

analysis were collected in 60 mL medical syringes. Then, 0.5 mL of saturated HgCl2 solution (10 mg
L−1) was added to the water samples to stop biological activity [38]. At the same times and locations,
several auxiliary measures were taken in parallel with the water samples including river temperature,
dissolved oxygen (DO), pH value, and salinity by a calibrated portable handheld meter (Thermo
Scientific, Singapore). The wind speeds were obtained by a wind monitor at about 10 m above the
river surface. Immediately after sample collection, all syringes and bottles were sent to a laboratory for
analysis within 3 hours. If they were not analyzed on the same day, the samples were stored in the
dark at 4 ◦C until required for analysis.

In July and August of 2016, we investigated 60 local farmers and community and village
committees and obtained information from the Tuojia River Catchment on population, livestock,
poultry, agricultural production, and other relevant information.

2.3. Dissolved CH4 Concentration

The headspace equilibrium method was used to measure the dissolved CH4 concentrations.
The 30-mL water samples in the syringes were accurately replaced by 30 mL of ultrahigh-purity
helium gas (>99.999%) in the lab and were subsequently shaken for 10 minutes (on an oscillator)
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before standing for 5 minutes so the samples could reach equilibrium. Gases in the headspace were
then manually and gently injected into a pre-evacuated vial (12 mL, Labco, UK) and automatically
analyzed within 72 hours of collection by using a gas chromatographer (Agilent 7890A, USA) equipped
with a Flame Ionization Detector (using 99.999% N2 as the carrier gas) and a microelectron capture
detector (using 99.999% N2 and 10% CO2 + 90% N2 as the carrier gas and backup gas, respectively).
The accuracy of the CH4 and N2O measurements were within ±3% and had detection limits of ~0.001
µg L−1 and ~0.0008 µg L−1, respectively.

2.4. CH4 Diffusive Fluxes

Exchange fluxes of CH4 from river water bodies to the atmosphere were estimated by the
double-layer diffusive model method, as previously reported by Liss & Merlivat (1986) [39] (their
Equation (1)) [40] (Zhang et al., 2016). The original CH4 concentration before equilibrium was calculated
using the headspace balancing method, where the diffusive flux was calculated based on an estimation
of the gas exchange rate (Kw) by using the wind speed (U10) with the Schmidt coefficient (Sc) [41]
(Table 1). The detailed calculation processes for dissolved CH4 concentration and its exchange flux is
provided in previous studies and presented briefly here:

F = c·Kw
(
Cobs − Ceq

)
(1)

where F is the diffusive flux of CH4 between the water surface and the atmosphere (µmol m−2 h−1), c is
a dimensional coefficient, Kw is the gas exchange rate of CH4 from the water surface to the atmosphere
(cm S−1), Cobs is the dissolved CH4 concentration in the surface water before equilibrium (µmol L−1),
and Ceq is the dissolved CH4 concentration at the balance situation, in which the partial air pressure is
equal to the water pressure under the actual water temperature (µmol L−1).

Table 1. The model Kw values of the CH4 fluxes in the Tuojia River.

KW Models Formula Wind U10 (m s−1) References

LM86
KW = 0.17×U10(Sc/600)−2/3 0 < U10 ≤ 3.6

KW = (2.85×U10 − 9.65)(Sc/600)−1/2 3.6 < U10 ≤ 13 [39]
KW = (5.9×U10 − 49.3)(Sc/600)−1/2 U10 > 13

W92a KW = 0.39×U2
10(Sc/660)−1/2 Long term U10 [42]

W92b KW = 0.31×U2
10(Sc/660)−1/2 Short term U10

RC01 KW = 1.91 exp(0.35U10)(Sc/600)−1/2 Arbitrarily U10 [41]

2.5. Environmental Parameters

The determination of the water quality parameters was carried out simultaneously with the
collection of the water samples. The dissolved oxygen (DO), water temperature (WT, in units of ◦C),
pH, electric conductivity (EC), and total dissolved solids (TDSs) were measured in situ with a portable
multi-parameter water quality instrument (Thermo Scientific, Singapore). The concentrations of nitrate
nitrogen (NO3

−–N) and ammonium nitrogen (NH4
+–N) were determined by using a flow injection

AA3 HR AutoAnalyser (Seal, Germany), which has a coefficient of variation of 0.2% and a detection
limit of 0.003 mg N L−1. The dissolved organic carbon (DOC) content was analyzed with a total organic
carbon analyzer (TOC–Vwp, Shimadzu, Japan), which has a detection range of 0–3000 mg L−1 and
a limit of 2 µg L−1. The meteorological data were obtained from a weather station installed in the
catchment area (InteliMent Adavantage, Dynamax, Inc., USA).

2.6. Statistical Analysis

Statistical analyses were performed using the IBM SPSS 17.0 software package, Excel 2013, and
R 2.1.1.1. Linear and nonlinear regressions were applied to test the relationship between the CH4
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fluxes and the environmental factors. A one-way analysis of variance was used to examine the effects
of the river’s water quality on the CH4 fluxes. This was followed by calculating the least significant
difference at the 0.05 significance level.

3. Results

3.1. Precipitation, Air Temperature, and Wind Speed

Over the 10 months of the study, the precipitation, air temperature, and wind speed showed
clear seasonal patterns. The total precipitation was 1185.59 mm during the experimental period, and
the precipitation was mainly concentrated from April to July (Figure 2a). The mean air temperature
and wind speed were 18.78 ◦C and 1.15 m s−1, respectively (Figure 2a–b). There was no significant
difference in monthly average wind speed (Figure 2b).

Figure 2. Precipitation, air temperature, and wind speed from April 2015 to January 2016. Subfigure
explanation: (a) represents precipitation and air temperature; (b) represents wind speed.

3.2. Water Parameters

Spatially, the average value variations of water parameters are shown in Table 2. Except for
pH and water temperature, all other water parameters showed a certain spatial variation difference
between the spatial samplings. During the sampling reaches, surface water pH was found to be
close to neutral (mean value of 6.83 ± 0.01), with a variation from 6.77 ± 0.07 to 6.88 ± 0.08. Spatial
concentrations of dissolved organic carbon (DOC) and nitrate nitrogen (NO3

−–N) showed similar
variation patterns, while dissolved oxygen (DO) was contrary to that of DOC and NO3

−–N. Across
the sampling reaches, concentrations of DOC and NO3

−
−N averaged 2.74 ± 0.09 mg L−1 and 1.55 ±

0.03 mg L−1, ranging from 1.11 ± 0.09 to 3.74 ± 0.19 mg L−1 and from 0.84 ± 0.04 to 1.85 ± 0.05 mg L−1

in S1 to S4, respectively. Over a 10-month period, the mean DO content of 140 measurements was
7.45 ± 0.09 mg L−1 over the four sampling reaches, with the highest at location reach S1 and lowest
at location reach S2, and with an average of 8.21 ± 0.12 mg L−1 and 7.03 ± 0.21 mg L−1, respectively.
The water temperature fluctuated slightly within the experimental period and the sites, ranging from
18.90 ± 0.51 to 20.06 ± 0.67 ◦C, showing the highest in S3 and the lowest in S1. The lowest NH4

+–N
concentration occurred in S1 and the highest occurred in S2, with averages of 0.28 ± 0.05 mg L−1 and
0.90 ± 0.09 mg L−1, respectively.
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Table 2. Water quality parameters in the Tuojia River basin.

Reach pH DO
(mg L−1)

Salinity WT (◦C) DOC
(mg L−1)

NH4
+–N

(mg L−1)
NO3−–N
(mg L−1)

S1 6.88 ± 0.08 8.21 ± 0.12 0.03 ± 0.001 18.90 ± 0.51 1.11 ± 0.09 0.28 ± 0.05 0.84 ± 0.04
S2 6.82 ± 0.07 7.03 ± 0.21 0.06 ± 0.001 19.73 ± 0.62 2.81 ± 0.13 0.90 ± 0.09 1.72 ± 0.08
S3 6.77 ± 0.07 7.18 ± 0.19 0.06 ± 0.001 20.06 ± 0.67 3.30 ± 0.16 0.66 ± 0.05 1.78 ± 0.05
S4 6.85 ± 0.07 7.35 ± 0.17 0.07 ± 0.001 19.60 ± 0.65 3.74 ± 0.19 0.67 ± 0.06 1.85 ± 0.05

Mean 6.83 ± 0.01 7.45 ± 0.09 0.06 ± 0.001 19.57 ± 0.31 2.74 ± 0.09 0.63 ± 0.03 1.55 ± 0.03

3.3. Water Quality Parameters and Socioeconomic Data

Socioeconomic survey data in 2016 from the Tuojia River Catchment are shown in Table 3. In the
catchment there was a total population of 28,234, with populations of 36, 3863, 2739, and 21,776 in
S1, S2, S3, and S4, respectively. Pig and poultry quantities were highest at location S2, with values of
426 and 365, respectively. As for the paddy rice-cropping area, the average applied rate of nitrogen
fertilizer was 142.5 kg ha−1 during the rice-growing season. Unfortunately, we did not succeed in
obtaining information on pigs, poultry, synthetic and nitrogen fertilizers in S1, and pigs and poultry
in S2.

Table 3. Socioeconomic survey data in the Tuojia River (the results of pig, poultry, and nitrogen fertilizer
were from 60 farmers and urban residents; the result of population was from the whole catchment).

Reach Population Pig Poultry Nitrogen fertilizer
(kg ha−1)

S1 36 N/A 16 N/A
S2 3863 426 365 150
S3 2739 82 131 135
S4 21,776 N/A N/A 142.5

3.4. CH4 Concentration and Flux

Spatiotemporal variations of dissolved CH4 concentrations and diffusive fluxes are shown in
Figures 3 and 4, respectively. The dissolved CH4 concentrations varied widely at the four order reaches
monitored during the experimental period, with the maximum value of dissolved CH4 concentration
with 3.01 µmol L−1 at location S2 on July 11, 2015 and the minimum with 0.004 µmol L−1 at location S2
and S1 on January 16, 2016. Simultaneously, we found that significant differences between dissolved
CH4 concentrations were affected by the sampling time, with the highest in the late rice growing period
(August to October 2015), followed by the early rice growing period (April to July 2015) and the fallow
period (November 2015 to January 2016). Spatially, the sampling position also had a significant effect on
the dissolved CH4 concentrations. In general, the spatial distribution of dissolved CH4 concentrations
increased volatility with the sampling position from the estuary to the river’s source. As a comparison,
from upstream to downstream, the average observed dissolved CH4 concentrations were 0.17 ± 0.01,
0.54 ± 0.04, 0.45 ± 0.03 µmol L−1, and 0.42 ± 0.03 µmol L−1 for S1, S2, S3, and S4, respectively. It can
clearly be seen that the dissolved CH4 concentrations in S1 were significantly lower than the other
reaches from all the experimental data above (Figure 3, p < 0.05).



Sustainability 2020, 12, 2114 8 of 16

Figure 3. Spatiotemporal variations of dissolved CH4 concentrations in the Tuojia River.

Figure 4. Spatiotemporal variations of CH4 diffusive fluxes in the Tuojia River (lower case above column
represents significant differences for the same river reach in different sampling periods; upper case
letters above column represent significant differences for the same sampling period in different river
reaches). Subfigure explanation: (a) represents S1 CH4 diffusive fluxes; (b) represents S2; (c) represents
S3; (d) represents S4.

According to the dissolved CH4 concentrations from S1 to S4, the river to the atmospheric CH4

diffusive fluxes were estimated with the double-layer diffusion model method. The sampling period
and position also had significant effects on CH4 diffusive fluxes. Similarly, in the present study, we also
found that CH4 diffusive fluxes had the same variation patterns as dissolved concentration variation.
Among the sampling sites at the four reaches, the diffusive flux of CH4 was also at its highest value in
reach S2 on July 11, 2015, and the lowest value occurred in reach S1 on January 16, 2016, with an average
of 167.26 ± 79.89 and 5.91 ± 2.99 µg m−2 h−1, respectively (Figure 4b). The average CH4 diffusive
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fluxes were 55.56 ± 4.32, 47.70 ± 3.01, and 43.92 ± 3.14 µg m−2 h−1, in reach S2, S3, and S4, which was
significantly higher by 215.99%, 171.26%, and 149.77% than S1, respectively. In addition, except for
reach S1, the CH4 diffusive fluxes were significantly higher during the early and late rice-growing
seasons of S2, S3, and S4 compared with those during the fallow period. Nevertheless, there was no
significant difference between the early rice and late rice seasons (Figures 4 and 5, p < 0.05).

Figure 5. Spatiotemporal variations of CH4 diffusive fluxes in the Tuojia River.

3.5. Dependence of CH4 Fluxes on Water Parameters

Numerous studies have demonstrated that the CH4 fluxes were inevitably affected by water
quality (e.g., DOC, NH4

+–N, NO3
−–N, DO, pH value, and water temperature), which affects the

production, oxidation, and transport of CH4. By pooling measurements over the 10 months, the CH4

diffusive fluxes were positively related to DOC (r = 0.47, p < 0.001), salinity (r = 0.46, p < 0.001), and
temperature (r = 0.27, p < 0.01), while they were negatively related to DO concentrations (r = −0.49,
p < 0.001) and pH value (r = −0.20, p < 0.05) (Figure 6).

Figure 6. Correlation matrices among CH4 diffusive fluxes and water parameters (lower-left panel
represents scatter diagram, upper-right panel represents r (correlation coefficient) *100; the numbers
represent the correlation coefficient between CH4 diffusive fluxes and environmental factors; the red
asterisks represent significant level (p values). ***, **, and * represents p < 0.001, p < 0.01, and p < 0.05,
respectively).

3.6. CH4 Production Pathway

Acetate fermentation and carbon dioxide reduction have been identified as the main processes
responsible for the production of CH4 in rivers. In our case river, we found that acetate fermentation
accounted for over 80% of CH4 production, while carbon dioxide reduction only accounted for 20%
(Table 4) [38].
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Table 4. CH4 production pathways [38].

S1 S2 S3 S4

fermentation of acetate 87% 78% 76% 81%
reduction of carbon dioxide 13% 22% 24% 19%

4. Discussion

4.1. Comparison with Other Studies

The dissolved concentrations and fluxes of CH4 from rivers draining into rice paddy watersheds,
such as those studied here, have received less attention than concentrations and fluxes of CH4 in
other freshwater ecosystems, particularly rivers impacted by urbanization and industrialization.
Encouragingly, recent studies have begun to fill in this knowledge gap in a number of rivers impacted
by agriculture [8,34], providing an opportunity for us to place our results in a larger context. In the
present study, the positive values of CH4 diffusive fluxes implied that the Tuojia River draining into
rice paddy watersheds could be an atmospheric source of CH4, which agreed with the findings of a
large number of studies reported previously [34,43–45]. A considerable amount of research has been
reported on CH4 emissions from river networks, and concentrations and fluxes ranged from 0.002
to 150 µmol L−1 and 17.70 to 4016.67 µg m−2 h−1 [10,13,40,45,46], respectively, and our findings were
generally within the ranges that have previously been reported in rivers. Compared with previous
studies by Koné et al. (2010) [44], Teodoru et al. (2014) [45], and Borges et al. (2018) [34], CH4

concentrations in this study were significantly greater than the above results, which may mainly be
due to the high nutrient loading (DOC and NH4

+–N), sedimentation, and algae blooms impacted
by agricultural fertilizer applications being able to stimulate methanogenesis in rivers draining into
rice paddy catchments [8,16,47]. In addition, exogenous CH4 inputs were another reason for the
higher CH4 concentrations in this catchment than what had previously been reported in rivers
not impacted by agriculture. High dissolved CH4 in wastewaters that were directly transported
to the rivers by surface runoff, drainage flows, and sewage pipelines may contribute to high CH4

concentrations [8,38,48]. However, compared with the Lixiahe River, a river draining into a subtropical
rice paddy catchment, the CH4 diffusive fluxes (mean of 41.19 µg m−2 h−1) were significantly lower
by one to two orders of magnitude than what had previously been reported (3.50 mg m−2 h−1) [8].
One possible important reason for this was the great diversity in topography, discharge, river flow
velocity, and irrigation frequency between the Tuojia River agriculture catchment and the Lixiahe River
agriculture catchment [8,34,49].

4.2. Spatiotemporal Variation in CH4 Fluxes

The spatial position of the sampling sites had significant effects on CH4 diffusive fluxes (Figure 4).
Similar to the results from Stanley et al. (2016) [7] and Zhang et al. (2016) [40] reported previously,
our findings also showed that CH4 diffusive fluxes were at their lowest values in reach S1, their
highest values in reach S2, and the values decreased in a downstream direction in reaches S3 and S4.
The spatial pattern of CH4 diffusive fluxes was generally in agreement with those of DOC, NH4

+–N,
and NO3

−–N, but in contrast with DO (Table 2, Figure 4, and Figure 5). The highest CH4 diffusive
fluxes at location S2 could be primarily ascribed to the nutrient and sediment loads though drainage
water, soil erosion, and runoff directly flowing into the S2 reach. Over the 10-month period, the
average NH4

+
−N concentration in S2 was 221.43%, 85.71%, and 82.14% higher than those of S1, S3,

and S4, respectively. Theoretically, methanogenic archaea usually depend on NH4
+ as a direct nitrogen

source [50], and NH4
+, whose chemical structure resembles that of the CH4 molecule, can interfere with

the oxidation of CH4 because NH4
+ competes with CH4 for CH4 mono-oxygenase, the key enzyme of

CH4 oxidation [51]. CH4 production is strongly controlled by DOC content in river, which suggests
that the amount of the CH4 was produced by organic carbon in anoxic river reaches [40]. The water
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DOC concentrations generally enhanced with an increase in Strahler stream order, where DOC in S2
was higher than that of S1 by 153.15%. Data from surface water show a significant and positive linear
relationship between CH4 diffusive fluxes and DOC content, with an effect (r = 0.47, p < 0.001) similar
to what Stanley et al. (2017) [7] and Borges et al. (2018) [34] had reported previously. Exogenous DOC
inputs caused by rice cultivation and livestock and poultry breeding (Table 3) can decrease the effect of
several river microbial processes on their electron donors, resulting in enriched methanogens activity
and stimulating more CH4 production [52]. In addition, increased DOC can enable river aerobic
microorganisms to consume more oxygen (O2), with the result of the oxidation process being limited
to producing a positive effect on CH4 emissions. Theoretically, the production and consumption of
CH4 occur simultaneously under the action of methanogenic archaea and methane-oxidizing bacteria,
and the balance of the two processes determines the CH4 flux [53–55]. However, water DO plays an
important role in the balance of the two processes. Surveys such as those conducted by Kuivila et
al. (1989) [56] showed that the carbon cycle in oxic rivers assumes CH4 production in the sediments
and oxidation when CH4 diffuses from the sediments into the water column. Most CH4, however,
was oxidized by communities of epiphytic methanotrophs when passing through the oxic water-air
interface [57]. Studies previously reported that most of emitted CH4 can be oxidized from a surface
water column to the atmosphere [58,59] (Moreover, Reeburgh et al. (2007) [60] suggested that the value
may reach a value as high as 90%. In our case river, we concluded that surface water CH4 diffusive
fluxes in S2 were higher than in the other reaches and were well predicted by DO (r = −0.49, p < 0.001).
Lower DO not only reduced CH4 oxidation from the water column into the atmosphere but also
lowered the redox potential in the sediments, resulting in an increase in CH4 production potential and
the conversion efficiency of a substrate into CH4, which in turn facilitated CH4 emissions [37,40,61]. In
addition, our river contained higher amounts of dissolved CH4 in the wastewater from livestock and
poultry farming. Particularly, pig manure wastewater was transported into the reach in S2, resulting
in CH4 fluxes in this reach being higher than in other reaches [31,49]. Therefore, we concluded that
higher concentrations of DOC and NH4

+–N, lower DO, and exogenous inputs were the main causes of
the CH4 diffusive fluxes in reach S2.

CH4 diffusive fluxes were also strongly affected by the sampling period (Figure 4). The seasonal
dynamics of CH4 diffusive fluxes from the rivers were typically characterized by a pattern in which
CH4 diffusive fluxes were the lowest in the winter and the highest in the summer (Figure 5). One
possible explanation for this was the remarkable difference between ambient variants and nutrients in
the rice-growing season and the fallow period [17,30]. Based on a two-year monitoring study of the
Lixiahe River affected by agriculture in Jiangsu Province, China, Wu et al. (2019) [8] also showed that
CH4 diffusive fluxes during the rice-growing season (June to October) were higher than those in the
winter (December to January), and they further pointed out that the differences were attributed to the
higher organic and nutrient loading in the rice-growing season.

During the rice-growing seasons, synthetic fertilizers and nitrogen fertilizer are applied at a rate
of 580.35 kg ha−1 and 142.5 kg ha−1, respectively (Table 3). However, the utilization efficiency of
nitrogen fertilizer in farmland soil is only 30%–40% [62]. Therefore, this low efficiency and high input
plantation mode caused the amount of the unutilized nitrogen to be transported into the river channel
through drainages, irrigation, and surface runoff, resulting in enriched organic and nutrient loading
and depleted water O2 in the water and sediment [8,10,16,34]. High nutrient levels were corrected
with elevated microbial activity and CH4 production [63,64]. Surveys such as those conducted by Li
et al. (2018) [30] showed that CH4 fluxes were higher in the rice-growing seasons than in the fallow
period; however, Wu et al., (2019) [8] also stated that drainage could greatly reduce CH4 emissions
from rice paddies in this period, with values as high as 50% [29]. Noticeably, this reduction could be
offset by increased CH4 emissions as a consequence of nutrient enrichment and sediment loading in
rivers draining into rice paddy watersheds [8]. Therefore, the exogenous inputting of CH4 was also
one of the reasons for the higher CH4 diffusive fluxes in the river during the rice-growing seasons.
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The dissolved CH4 concentrations increased with water temperature (Figure 4), suggesting
that methanogenic archaea were sensitive to temperature [65]. Previous studies indicated that as
temperature increased by 10 ◦C, the methanogen reproduction rate doubled and the CH4 emission
rate increased by 2.4 ± 1.0 mmol m−2 d−1 [65]. Specifically, when the temperature decreased from
30 ◦C to 15 ◦C, the CH4 production rate was sharply reduced [66]. Moreover, a higher temperature
also increased the KW value, resulting in a faster transfer of CH4 from the surface water column to
the atmosphere [67]. Therefore, as a consequence of higher CH4 diffusive fluxes in rice-growing
seasons, mainly due to the intense nutrient and sediments loads, high water temperatures and low
O2 availability in the river stimulate more CH4 production [8]. In addition, precipitation not only
increased greenhouse gas concentrations by flushing inorganic and organic carbon from the landscape
into stream [38,68] but also caused an “initial scouring” effect by precipitation facilitating a high
diffusive rate of CH4 in rivers [69]. In Figures 2–4, we found that the variation of CH4 diffusive fluxes
was generally in agreement with precipitation.

4.3. CH4 Production Pathways

The fermentation of acetate (acetoclastic methanogenesis) and reduction of carbon dioxide (CO2,
hydrogenotrophic methanogenesis) have been identified as the two main pathways for CH4 production
in terrestrial freshwater [18,19]. Previous studies have reported that approximately 70% of the CH4

produced can be attributed to acetate fermentation, while carbon dioxide reduction accounted for only
30% [19,70,71]. The findings of the present study were in line with those of Conrad (1999) [70] and
Whiticar (1999) [71], which produced CH4 observed mean values of 80.5% by acetate fermentation
and 19.5% by carbon dioxide reduction. The pathways of CH4 production were affected by ambient
variants and nutrient loads (e.g., temperature, pH, acid concentration, and ammonium [18–22];
therefore, the sampling sites had significant effects on the rate of acetate fermentation and carbon
dioxide reduction for CH4 production. In our case river, we found that the proportion of acetoclastic
pathways in S1 were higher by 9%, 11%, and 6% than S2, S3, and S4, respectively. In contrast, CO2

reduction was lower than other reaches (Table 3). One possible explanation was that most of the
CH4 was produced through acetate fermentation [18,19] (not impacted by agriculture in S1 with poor
nutrients); at the nutrient-impacted sites (S2, S3, and S4), the larger proportion of CH4 was produced
via hydrogenotrophic methanogenesis (Holmes et al., 2013).

5. Conclusions

In summary, this study systematically presented CH4 diffusive fluxes of the Tuojia River impacted
by human activities in subtropical agriculture catchments. Our findings supported the general
conclusion that the river was a consistent source of atmospheric CH4. Over the 10-month experimental
period, we found distinct spatiotemporal variations of CH4 diffusive fluxes along the Tuojia River
catchment, which was generally consistent with the nutrient loading pattern of the river water across
the drainage basin. A large amount of rice cultivation and livestock breeding could largely explain the
observed CH4 diffusive flux patterns of the river flows. As a consequence of the described agricultural
practice, concentrations of DOC and NH4

+–N increased, DO content in river water decreased, and
more CH4 production was stimulated. Therefore, the most valuable conclusion was that the CH4

diffusive fluxes were mainly concentrated in the rice growing season and the nutrient-impacted river
reach. Our findings highlighted that an improved understanding of river water exogenous input
draining into agricultural catchments will help clarify the influence of human activities on river
water quality and help to better constrain the magnitude of CH4 and other GHG diffusive fluxes in
agricultural catchments.
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