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A B S T R A C T   

Urban rivers play a vital role in global methane (CH4) emissions. Previous studies have mainly focused on CH4 
concentrations in urban rivers with a large amount of organic sediment. However, to date, the CH4 concentration 
in gravel-bed urban rivers with very little organic sediment has not been well documented. Here, we collected 
water samples from an oxic urban river (Xin’an River, China; annual mean dissolved oxygen concentration was 
9.91 ± 1.99 mg L− 1) with a stony riverbed containing very little organic sediment. Dissolved CH4 concentrations 
were measured using a membrane inlet mass spectrometer to investigate whether such rivers potentially act as an 
important source of atmospheric CH4 and the corresponding potential drivers. The results showed that CH4 was 
supersaturated at all sampling sites in the five sampling months. The mean CH4 saturation ratio (ratio of river 
dissolved CH4 concentration to the corresponding CH4 concentration that is in equilibrium with the atmosphere) 
across all sampling sites in the five sampling months was 204 ± 257, suggesting that the Xin’an River had a large 
CH4 emission potential. The CH4 concentration was significantly higher in the downstream river than in the 
upstream river (p < 0.05), which suggested that human activities along the river greatly impacted the CH4 level. 
Statistical analyses and incubation experiments indicated that algae can produce CH4 under oxic conditions, 
which may contribute to the significantly higher CH4 concentration in August 2020 (p < 0.001) when a severe 
algal bloom occurred. Furthermore, other factors, such as heavy rainfall events, dissolved organic carbon con
centration, and water temperature, may also be vital factors affecting CH4 concentration. Our study enhances the 
understanding of dissolved CH4 dynamics in oxic urban rivers with very little organic sediment and further 
proposes feasible measures to control the CH4 concentration in urban rivers.   

1. Introduction 

Methane (CH4) is an important greenhouse gas that contributes 
greatly to global warming (Montzka et al., 2011; Wang et al., 2020b). 
Despite its low concentration in the atmosphere compared with that of 
carbon dioxide (CO2), its warming effect is more than 28 times that of 
CO2 (IPCC, 2013). Inland freshwater bodies (such as rivers, lakes, and 
reservoirs) are hotspots of global CH4 emissions (Bastviken et al., 2011; 
Deemer et al., 2016; Stanley et al., 2016). It was reported that global 
CH4 emissions from inland freshwater bodies reached 103.3 Tg CH4 
yr− 1, and CH4 emissions from rivers reached 1.5 Tg CH4 yr− 1 based on 
measurements from regional-scale rivers (Bastviken et al., 2011). 
Among all rivers, urban rivers are considered relatively important 
sources of CH4 emissions (Ortega et al., 2019; Li et al., 2020; Wang et al., 

2020a). According to a recent study conducted by Zhang et al. (2021b), 
the average CH4 diffusive flux from urban rivers in the Chaohu Lake 
Basin of China was 7 mmol CH4 m− 2 d− 1, which was 7 times higher than 
that from nonurban rivers in that region. Similarly, high CH4 ebullition 
was also observed from urban rivers (Wang et al., 2021). The greatest 
difference between river water and lake (or reservoir and ocean) water is 
that river water has a shorter water residence time. At the same time, 
urban rivers received a high level of pollutants (e.g., nutrients, organic 
matter, and CH4) due to intense human activities (Alshboul et al., 2016; 
Yin et al., 2021) and may become hotspots for CH4 emission. Therefore, 
investigating the CH4 dynamics in urban rivers can help us further un
derstand its contribution to the CH4 level in downstream waters and the 
global CH4 budget. 

Traditionally, CH4 was considered to be primarily produced through 
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anaerobic fermentation of acetate driven by methanogens under strictly 
anoxic conditions (Zamanpour et al., 2020). However, CH4 over
saturation has been observed in some oxic water columns (Karl et al., 
2008; Damm et al., 2010; Tang et al., 2016), which seems to contradict 
the traditional concept. Traditional explanations for this paradox 
include transport from nearby anoxic sediment or shorelines (Hofmann 
et al., 2010) and production within microanoxic areas such as detritus 
(de Angelis and Lee, 1994). However, an increasing number of studies 
have found that CH4 can also be produced under oxic conditions. 
Different from the prevailing paradigm that methanogens are strict an
aerobes, some methanogens have been reported to be remarkably 
tolerant to oxygen (Angel et al., 2011), and some microorganisms may 
produce CH4 through a different pathway that does not require 
oxygen-sensitive enzymes, which may be potential explanations for CH4 
oversaturation in fully aerobic waters (Tang et al., 2016). Furthermore, 
numerous studies have revealed that the CH4 concentration was posi
tively correlated with the Chla concentration in oxic waters, which 
indicated that algae may play a role in the CH4 paradox. CH4 production 
driven by cyanobacteria has been attributed to the demethylation of 
methyl phosphonates (White et al., 2010). Recently, several studies 
demonstrated that algae can produce CH4 by converting bicarbonate to 
CH4 through photosynthesis under oxic conditions (Bižić et al., 2020; 
Günthel et al., 2020). In addition, some genera of cyanobacteria, such as 
Anabaena, have the ability to fix nitrogen, along with the production of 
CH4. For example, Conrad and Seiler (1980) observed high CH4 con
centrations during a nitrogen-fixing algal bloom in 2010. Zheng et al. 
(2018) reported that CH4 could be produced by nitrogenase during ni
trogen fixation. One possible mechanism for this is that nitrogen fixation 
induced by cyanobacteria can provide hydrogen for methanogens to 
produce CH4 (Berg et al., 2014; Tang et al., 2014). Current studies have 
mainly focused on oxic CH4 production in deep lakes and reservoirs and 
have pointed out that oxic CH4 production made a large contribution to 
total CH4 emissions from these waters (Donis et al., 2017; Günthel et al., 
2019). However, to date, CH4 oversaturation in gravel-bed urban rivers 
with very little organic sediment and its relationship with algae remain 
unclear. 

Due to human activities or landforms, the riverbeds of some rivers 

are stony and often covered with inorganic materials (e.g., gravels, 
coarse pebbles, and large stones) rather than organic sediment (Fig. 1d). 
It seems that the CH4 concentrations in the water column in such rivers 
may be low since organic sediment is considered a hotspot for CH4 
production and is an important source of water column CH4 (Conrad 
et al., 2009; Mach et al., 2015; Emilson et al., 2018). However, urban 
rivers are often polluted due to intense human activities. The pollution 
may cause algal blooms, which may have a potential impact on CH4 
concentration. Additionally, wastewater from municipal wastewater 
treatment plants (WWTPs) may also contain a large amount of dissolved 
CH4 (Wang et al., 2011; Alshboul et al., 2016), which may be an addi
tional source of CH4 due to discharging the treated wastewater into the 
rivers (Alshboul et al., 2016). Thus, we speculate that the CH4 concen
tration in these rivers may be underestimated. However, to the best of 
our knowledge, no study has focused on CH4 concentration and its po
tential drivers in oxic urban rivers with very little organic sediment. 

We hypothesized that oxic urban rivers with very little organic 
sediment could be a potential source of atmospheric CH4 and that 
human activities and algal blooms could potentially affect CH4 con
centration in these rivers. Therefore, we chose an oxic urban river with a 
low amount of organic sediment as our study area. Five-month field 
observations and incubation experiments were conducted. The purposes 
of this study were (1) to measure the CH4 concentrations to investigate 
whether oxic urban rivers with a low amount of organic sediment can 
act as a potential source of atmospheric CH4; (2) to explore potential 
factors affecting CH4 concentrations in these rivers; and (3) to provide 
suggestions for managing CH4 concentrations in these rivers. 

2. Materials and methods 

2.1. Study area 

This study was conducted in the Xin’an River in Huangshan city, 
Anhui Province, China (Fig. 1a). The Xin’an River is located in the 
northern subtropics. The annual average temperature in this area is 
approximately 15 ◦C. The average temperatures range from 1 to 4 ◦C and 
27–29 ◦C in January and July, respectively. The water originates from 

Fig. 1. (a) The study area, (b) land use in the sampling area, (c) specific sampling sites, and (d) sediment of the river.  
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Liugujian at the junction of Anhui Province and Jiangxi Province. The 
mainstream of Xin’an River in Anhui Province is 242.3 km long and 
covers an area of 6500 km2, accounting for 11.9% of the area of the 
Qiantang River Basin. Xin’an River contains two large tributaries 
(Tributary 1 and Tributary 2, Fig. 1c). Tributary 1 contains two smaller 
tributaries (Hengjiang and Jianjiang), which converge in Tunxi District. 
Xiuning County (sites 1–7) is located upstream of Tributary 1, while 
Tunxi District (sites 8–11, 24) is located downstream of Tributary 1. 
Tributary 2 includes two urban areas, Huizhou District and She County. 
Huizhou District (sites 12–16) is the upstream area, and She County 
(sites 17–23, 25) is the downstream area. Sites 17–20 are the nearest 
four sites downstream of the WWTP (within 3 km, Fig. 1c). The riverbed 
of the Xin’an River is mainly covered with inorganic sediment (e.g., 
gravels, coarse pebbles, and large stones) rather than organic sediment 
(Fig. 1d). 

We selected 25 sites from the upstream Xin’an River to the conflu
ence of Xin’an Reservoir. These sampling sites were located in four 
areas, including Xiuning County, Tunxi District, Huizhou District, and 
She County, which are four urban areas of Huangshan city (Fig. 1b). 
Water samples were collected in July 2020 (rainy month), August 2020 
(summer), October 2020 (autumn), January 2021 (winter), and April 
2021 (spring). The spatial distribution of the sampling sites is shown in 
Fig. 1c. 

2.2. Sample collection 

A 5-L water sampler (Uwitec, Austria) was used to collect 5 L of 
surface water from bridges, and a peristaltic pump (Jihpump, China) 
connected with a gas-tight rubber tube (internal diameter: 3 mm, 
Yingtong, China) was used to transfer the bubble-free water to a 12 mL 
vial (Labco Exetainer, UK). One end of the rubber tube was placed 10 cm 
below the surface water in the water sampler because the direct 
collection of surface water might cause bubbles and affect the subse
quent measurement. The other end was placed in the vial. The vial was 
screwed tightly with no headspace after being filled with water. Two 
quantitative syringes (Cofoe, China) were used to add 0.1 mL of satu
rated ZnCl2 solution for microbial inactivation. Three duplicate samples 
were prepared. These samples were collected to measure the N2:Ar ratio 
and CH4 concentration using a membrane inlet mass spectrometer 
(MIMS, Bay Instrument, USA). A 2 L water sample was transferred to a 
clean plastic bottle and then placed into a cooling box for subsequent 
measurement of physical and chemical properties. Lugol iodine solution 
was added to a 1 L water sample to identify the algal community 
structure. 

2.3. Measurement of key water quality parameters 

Water temperature (WT), dissolved oxygen (DO), and fluorescent 
dissolved organic matter (fDOM) were measured by a multisensor sonde 
(YSI 6600 V2, USA). A 100 mL unfiltered water sample was used to 
determine the concentrations of total nitrogen (TN) and total phos
phorus (TP). A 500 mL water sample was filtered through 0.70-μm 
membrane filters (Whatman GF/F, UK) for subsequent determination of 
the concentrations of chlorophyll a (Chla) and dissolved organic carbon 
(DOC). The measurements of nutrients and Chla concentrations were 
done according to standard methods (APHA, 2012). The DOC concen
trations were measured using a Shimadzu TOC-L analyzer. The samples 
for identifying the algal community structure and algal concentration 
were treated with a Lugol iodine solution (1%, V/V) and allowed to 
settle for 48 h. The cell density was then directly measured in a 0.1 mL 
counting chamber (Hengke, China), and an Olympus BX53 microscope 
was used at a magnification of 400 × . The method for identifying algae 
was derived from Hu and Wei (2007). 

2.4. Method for quantifying the nitrogen fixation capacity and CH4 
concentration 

The method for quantifying the nitrogen fixation capacity in this 
study was the N2:Ar method, a relatively new method that has been 
widely used in aquatic environments (Schmale et al., 2019; Loeks-
Johnson and Cotner, 2020; Zhao et al., 2022). The analytical instrument 
was MIMS, which has been used to measure concentrations of dissolved 
N2, Ar, and O2 in natural water samples for decades (Kana et al., 1994). 
More details about this method can be obtained from previous studies 
(Schmale et al., 2019; Loeks-Johnson and Cotner, 2020). MIMS was also 
used to measure the dissolved CH4 concentration instead of the tradi
tional method (headspace combined with gas chromatography) since 
the MIMS method has a great advantage in CH4 determination compared 
with the traditional method. More details regarding the MIMS method 
for measuring CH4 concentration and its advantages can be found in the 
reference (Zhao et al., 2021). 

2.5. Calculations of CH4, O2, and N2: Ar saturation ratio 

Water flow velocity, the slope of the river, wind speed, and WT are 
important factors that control CH4 diffusion from rivers (Borges et al., 
2018; Wang et al., 2020a). CH4 diffusion can be obtained from direct 
measurement using floating chambers or calculated based on models 
using the factors mentioned above (Clough et al., 2007; Zhang et al., 
2021b). Because we did not measure the water flow velocity and the 
slope of the river, we only calculated the CH4 saturation ratio. Although 
the CH4 saturation ratio cannot directly reveal the CH4 emissions from 
rivers to the atmosphere, it can represent the CH4 emission potential. 

The CH4 saturation ratio was calculated using the following equa
tion:where Cm represents the measured CH4 concentration (μmol L− 1) 
using MIMS and Ceq (μmol L− 1) is the equilibrium CH4 concentration 
under the corresponding temperature, which was calculated through 
WT, atmospheric pressure, and volume ratio of CH4 to the air of the 
ambient air (Xiao et al., 2017). A CH4 saturation ratio >1 indicates that 
CH4 is supersaturated in the water, while a CH4 saturation ratio <1 
represents CH4 undersaturation. 

The calculations of DO and N2:Ar saturation ratios were the same as 
that of CH4. 

2.6. Incubation experiment 

An incubation experiment was conducted to test the effect of algae, 
sediment, and organic soils from the riparian zone on CH4 concentra
tions in oxic water in the Xin’an River in September 2021. Five treat
ments were performed. Treatment 1 (T1): 1 L of river water was 
collected and filtered using a 64-μm filter screen (Hengke, China) to 
remove the algae. Then, the filtered water was transferred to a gas-tight 
and transparent incubation core. Treatment 2 (T2): 1 L of river water 
(Chla concentration 112.1 μg L− 1) was collected into a gas-tight and 
transparent incubation core. The core was sealed without headspace 
using a gas-tight tip. Treatment 3 (T3): Based on T2, algae collected from 
the river were added to the core and ensured that the final Chla con
centration was ~200 μg L− 1. Treatment 4 (T4): Based on T2, organic 
solids were collected from the nearby riparian zone and were added to 
the core (volume ratio (organic solids: water column = 1: 5)). Treatment 
5 (T5): Based on T2, sediments (mainly composed of gravels and peb
bles) were collected from the river and were added to the core (volume 
ratio (sediments: water column = 1: 5)). Three replicates were con
ducted for each of the five treatments. The incubation cores were placed 
into the river to ensure that the growth of algae was not limited by light. 
Furthermore, algae can produce O2 through photosynthesis under light 
thereby facilitating oxic conditions in the water. The incubation exper
iment lasted for 7 days. Water (20 mL) was collected each day to mea
sure the concentrations of dissolved CH4 and DO using MIMS. The 20-mL 
water was replaced by 20-mL distilled water using two 30-mL gas-tight 
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syringes (Cofoe, China). On the last day, the overlying water was 
pumped using a peristaltic pump, and the water was prepared to mea
sure the concentrations of TN, TP, Chla, and DOC. More details 
regarding the incubation experiment can be found in the supporting 
information. 

2.7. Data analyses 

IBM SPSS 19.0 was used to analyse the spatial and temporal differ
ences in variables (e.g., CH4 concentration and key water quality pa
rameters). If the data met the normality, independence, and 
homogeneity of variance criteria, one-way ANOVA (analysis of vari
ance) was used. If the data met the normality and independence criteria 
but not the homogeneity of variance criteria, Welch corrected analysis of 
variance was used. If the preconditions of the parametric test were not 
met, the nonparametric Kruskal–Wallis test was used. The selection of 
the multiple comparison method adopts the LSD (least significant dif
ference) test according to whether the data meet the homogeneity of 
variance. If the p value is less than 0.05, it indicates that there is a sig
nificant spatial (or temporal) difference in variables. The box plot was 
used to statistically show the differences in dissolved CH4 concentrations 
between the upstream river and downstream river, as well as the dif
ferences among five different sampling months. All correlations were 
completed using Pearson correlation analysis with p < 0.05 indicating a 
significant correlation between two variables. Logarithmic treatment 
was performed if necessary. The analytical software was IBM SPSS 19.0. 
Figures were completed using Origin 9.5 and ArcGIS 10.4.1. 

3. Results 

3.1. Characteristics of key physical and chemical variables 

The average WT was 27.1 ± 1.49 ◦C, 32.8 ± 1.04 ◦C, 19.4 ± 0.81 ◦C, 
8.67 ± 1.60 ◦C and 19.9 ± 1.36 ◦C in July 2020, August 2020, October 
2020, January 2021, and April 2021, respectively (Table 1). The DO 
concentration was high at most sampling sites in the five sampling 
months, ranging from 6.38 to 16.0 mg L− 1 (Table S1), with a mean 
concentration of 9.91 ± 1.99 mg L− 1. A high TN concentration (1.63 ±
0.48 mg L− 1) was observed in July 2020, but it decreased significantly in 
August 2020 (p < 0.001), with an average value of 1.07 ± 0.52 mg L− 1 

(Table 1). The mean TN concentration increased noticeably in October 
2020 and January 2021, particularly in January 2021. The monthly 
variations in TP concentrations were very different compared with those 
of TN. The lowest TP concentration was observed in October 2020, with 

a mean value of 46.7 ± 28.1 μg L− 1, while the highest value appeared in 
July 2020 (Table 1). The N:P ratio was low in summer, with a mean 
value of 14.5 ± 3.17, but it was high in other seasons, especially in 
winter, with a mean value reaching 35.1 ± 15.2. The Chla concentra
tions were high in August 2020, ranging from 1.26 to 95.5 μg L− 1, but 
were low in the other four months (Table S1). The organic carbon 
concentrations were very low in Xin’an River, and the average con
centrations of DOC in July 2020, August 2020, October 2020, January 
2021, and April 2021 were 1.53 ± 0.52 mg L− 1, 2.05 ± 0.51 mg L− 1, 
1.39 ± 0.53 mg L− 1, 1.34 ± 0.57 mg L− 1, and 1.37 ± 0.35 mg L− 1, 
respectively (Table 1). On a spatial scale, TN and TP concentrations 
across the sampling sites also showed large variation. Generally, the 
annual mean concentrations of TN, TP, and Chla were significantly 
higher in the downstream river than those in the upstream river (p <
0.001 for TN and TP and p = 0.029 for Chla). 

3.2. Gas saturation ratio 

The CH4 supersaturation ratio appeared highest in August 2020, 
reaching 479 ± 415, followed by July 2020 with 174 ± 115. High mean 
values were also observed in October 2020 and April 2021, with values 
of 136 ± 150 and 167 ± 166, respectively. The lowest values appeared in 
January 2021, with a mean value of 81.1 ± 66.7 (Fig. 2a). DO super
saturation was observed in July 2020, August 2020, October 2020, and 
April 2021, which was 1.02 ± 0.13, 1.32 ± 0.32, 1.10 ± 0.12, and 1.14 
± 0.18, respectively, while it was unsaturated in January 2021, which 
was 0.98 ± 0.16 (Fig. 2b). In August 2020, we observed that N2 was 
unsaturated with a mean N2:Ar saturation ratio of 0.97 ± 0.008 and was 
significantly lower than that in July 2020, October 2020, January 2021, 
and April 2021 (p < 0.001), with a mean N2:Ar saturation ratio of 1.01 
± 0.002, 0.999 ± 0.007, 1.01 ± 0.005, and 1.00 ± 0.007, respectively 
(Fig. 2c). 

3.3. Spatial and temporal variations in CH4 concentrations 

On a temporal scale, the CH4 concentration was significantly higher 
in August 2020 than in the other four months (p < 0.05, Table S2 and 
Fig. 3a), with a mean value of 1.19 ± 1.02 μmol L− 1. However, there was 
no significant temporal difference in CH4 concentration among the other 
four months (p > 0.05, Table S2 and Fig. 3a). The CH4 concentration in 
October 2020 was slightly lower than that in July 2020, with an average 
of 0.42 ± 0.46 μmol L− 1. In January 2021, the mean dissolved CH4 
concentration was 0.33 ± 0.27 μmol L− 1, which was the lowest among 
the five sampling months (Fig. 3a). Similarly, the distribution of dis
solved CH4 concentration also showed a large difference on a spatial 
scale. Generally, the dissolved CH4 concentration was low in the up
stream river, but it was significantly higher in the downstream river, 
especially in She County (p < 0.05, Table S2 and Fig. 3b). As shown in 
Fig. 3b, the mean CH4 concentration of the five sampling months was 
0.26 ± 0.28 μmol L− 1 in upstream Xiuning County, but it was signifi
cantly higher in downstream Tunxi District (p < 0.05, 0.66 ± 0.83 μmol 
L− 1). Similarly, a low CH4 concentration was found in upstream Huizhou 
District (0.49 ± 0.41 μmol L− 1), but it was significantly higher in 
downstream She County (p < 0.05, 0.88 ± 0.73 μmol L− 1). A significant 
difference in dissolved CH4 concentration was observed between Trib
utary 1 and Tributary 2 (p < 0.001, Table S2 and Fig. 3c), with mean 
dissolved CH4 concentrations of 0.43 ± 0.61 μmol L− 1 and 0.72 ± 0.65 
μmol L− 1 for Tributary 1 and Tributary 2, respectively. Furthermore, the 
CH4 concentrations were much higher at sites near a large WWTP (1.25 
± 0.83 μmol L− 1) than at the other sites (0.45 ± 0.52 μmol L− 1) in the 
five sampling months (p < 0.001, Table S2 and Fig. 3d). 

3.4. Pearson correlation analyses 

Fig. 4 shows the results of the Pearson correlation analysis. DOC and 
FDOM were positively correlated with the CH4 saturation ratio (p <

Table 1 
Key variables of the water samples in the five months.   

July 
2020 

August 
2020 

October 
2020 

January 
2021 

April 
2021 

Mean ±
SD 

Mean ±
SD 

Mean ± SD Mean ± SD Mean ±
SD 

WT (◦C) 27.1 ±
1.49 

32.8 ±
1.04 

19.4 ± 0.81 8.67 ± 1.60 19.9 ±
1.36 

DO (mg 
L− 1) 

8.11 ±
0.10 

9.48 ±
2.20 

10.1 ± 1.11 11.5 ± 2.03 10.4 ±
1.58 

TN (mg 
L− 1) 

1.63 ±
0.48 

1.07 ±
0.52 

1.39 ± 0.62 2.10 ± 0.98 1.54 ±
0.42 

TP (μg L− 1) 92.8 ±
50.0 

78.7 ±
4.64 

46.7 ± 28.1 79.0 ± 69.6 67.4 ±
30.5 

N:P ratio 19.3 ±
3.86 

14.5 ±
3.17 

33.6 ± 11.6 35.1 ± 15.2 25.0 ±
6.79 

DOC (mg 
L− 1) 

1.53 ±
0.52 

2.05 ±
0.51 

1.39 ± 0.53 1.34 ± 0.57 1.37 ±
0.35 

Chla (μg 
L− 1) 

3.69 ±
4.36 

22.5 ±
24.8 

3.13 ± 3.31 2.36 ± 1.35 8.55 ±
5.25 

CH4 (μmol 
L− 1) 

0.47 ±
0.31 

1.19 ±
1.02 

0.42 ± 0.46 0.33 ± 0.27 0.51 ±
0.51  
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0.001). A positive correlation was found between WT and CH4 satura
tion ratio (p < 0.001). A significant positive correlation appeared be
tween the CH4 saturation ratio and TP concentration (p < 0.001). No 
significant correlation was observed between CH4 saturation ratio with 
TN concentration (p > 0.05). Interestingly, the CH4 saturation ratio was 
positively correlated with the N:P ratios (p < 0.001). A significant pos
itive correlation was also observed between the CH4 saturation ratio and 
Chla concentration (p < 0.001). We observed that the concentration of 
DO was positively correlated with the CH4 saturation ratio (p < 0.001). 
The CH4 saturation ratio also exhibited a significant correlation with the 
N2 saturation ratio (p < 0.001); however, this correlation was negative, 
which was different from that of the DO saturation ratio. 

3.5. Algal communities in Xin’an River 

On a temporal scale, Bacillariophyta was the dominant phylum in 
July 2020, October 2020, January 2021, and April 2021, accounting for 
47.29%, 47.77%, 85.32%, and 79.39%, respectively (Fig. 5a). In 
contrast, the proportion of Bacillariophyta was low in August 2020, 
accounting for only 10.03%. The contribution of Cyanophyta was high 
in July 2020, August 2020, and October 2020, which accounted for 
38.92%, 40.44%, and 29.07%, respectively. A high Chlorophyta con
centration was observed in August 2020, but it was very low in the other 
four months. The concentrations of the other three phyla, Pyrrophyta, 
Cryptophyta, and Euglenophyta, were very low in all sampling months 

Fig. 2. A, b, and c show the box plots of the CH4 saturation ratio, DO saturation ratio, and N2:Ar saturation ratio in the five sampling months, respectively.  

Fig. 3. (a) Temporal changes in dissolved 
CH4 concentrations; (b) spatial differences in 
dissolved CH4 concentrations between the 
upstream river and downstream river in the 
two tributaries (For Tributary 1, Xiuning 
County is the upstream river and Tunxi 
District is the downstream river; For Tribu
tary 2, Huizhou District is the upstream river 
and She County is the downstream river); (c) 
spatial differences in dissolved CH4 concen
trations between Tributary 1 and Tributary 
2; and (d) spatial differences in dissolved 
CH4 concentrations between four nearest 
sites (site 17–20) at the downstream of the 
WWTP and other sites.   
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(Fig. 5a). A high concentration of Anabaena was found in August 2020, 
but the Anabaena concentration was low in July 2020 and January 2021. 
No Anabaena was observed in October 2020 or April 2021 (Fig. 5b). 

On a spatial scale, Bacillariophyta was the dominant phylum in the 
Xin’an River in July 2020, but the contribution of Cyanophyta to the 
total algal community was high in some areas (e.g., Tunxi District, 
Fig. S1). In contrast, the Xin’an River was dominated by Cyanophyta and 
Chlorophyta, and the proportion of Cyanophyta to the total community 
in the downstream river was much higher than that in the upstream river 
in August 2020. High proportions of Cyanophyta to the total community 
were also found in She County, but Chlorophyta was replaced by 
Bacillariophyta. The Cyanophyta concentration, as well as the propor
tion of Cyanophyta to the total community, was very low at all sampling 
sites in January 2021 and April 2021, and Bacillariophyta had a great 
advantage in community competition. High Anabaena concentrations 
were observed in the downstream river (Tunxi District and She County). 
However, very low Anabaena concentrations appeared in the other three 
months, and most sampling sites had no Anabaena (Fig. S2). 

3.6. Incubation experiment 

Fig. 6a shows the CH4 concentrations in the five treatments during 
incubation experiments. The dissolved CH4 concentration in the incu
bation core was almost 0 before incubation. No evident CH4 accumu
lation was observed in T1, while obvious CH4 production was found in 
the other five treatments. After a 7-day incubation, the final CH4 

concentrations were 0.006 ± 0.006 μmol L− 1, 0.08 ± 0.01 μmol L− 1, 
0.12 ± 0.01 μmol L− 1, 0.26 ± 0.02 μmol L− 1, and 0.08 ± 0.03 μmol L− 1 

in T1, T2, T3, T4, and T5, respectively. Fig. 6b shows the DO concen
trations during incubation experiments. The DO concentration 
decreased from 8.93 ± 0.09 mg L− 1 to 7.50 ± 0.44 mg L− 1 in T1. In 
contrast, DO concentrations increased sharply in the other four treat
ments, with final concentrations of 15.3 ± 1.00 mg L− 1, 16.4 ± 0.82 mg 
L− 1, 16.1 ± 0.80 mg L− 1, and 15.4 ± 0.56 mg L− 1 for T2, T3, T4, and T5, 
respectively. The concentrations of TN and TP were highest in T4. Hight 
Chla concentration was observed in T3. 

4. Discussion 

4.1. Potential factors affecting CH4 concentrations in the Xin’an River 

4.1.1. Exogenous input 
Organic sediment CH4 production has been considered a crucial 

source of dissolved CH4 in water columns according to previous studies 
(Conrad et al., 2009; Mach et al., 2015; Emilson et al., 2018). In this 
study, a stony riverbed covered with inorganic sediment (e.g., gravels, 
coarse pebbles, and large stones) was found along the entire Xin’an 
River (Fig. 1d). A previous study indicated that a microanoxic envi
ronment may form in deep sediment or within small inorganic particles 
and that this anoxic environment may be beneficial for anoxic CH4 
production (Hlaváčová et al., 2005). However, although we observed an 
increase in CH4 concentration when adding sediments collected from the 
riverbed during the incubation experiment, this increase was very low 
(T5, Fig. 6a), indicating that the dissolved CH4 was possibly from other 
pathways, such as oxic CH4 production or directly from human dis
charged wastewater. The CH4 concentrations were remarkably higher in 
the downstream river than in the upstream river (p < 0.05, Fig. 3b, 
Table S2), suggesting that human activities along the river had a strong 
influence on the CH4 level. Alshboul et al. (2016) reported that the CH4 
in wastewater from WWTPs may potentially increase the CH4 level in 
river water, which is similar to our results. In our study, we observed 
that the CH4 concentrations at the four sampling sites near a large 
WWTP were significantly higher than those at other sampling sites 
(Fig. 3d), suggesting that high CH4 concentrations there may have been 
related to wastewater from the WWTP. 

Previous studies have shown that riparian zones of the river may be 
hotspots for CH4 emissions (Sun et al., 2013), and changes in hydro
logical conditions may affect CH4 emissions in the water level fluctua
tion zone (Shi et al., 2021). Here, we collected organic soils from the 
riparian zone and conducted an incubation experiment under flooding 
conditions. The results showed that the presence of organic soils could 
significantly increase the CH4 concentration in the water (T4, Fig. 6a). 
This may have been because the overlying water separated the soil from 
the atmosphere, and the DOC in the porewater may have been converted 
to CH4 by methanogens under anoxic conditions, which could result in 
an increase in dissolved CH4 concentration in the water column. This 

Fig. 4. Pearson correlation analysis of the environmental variables. SR in
dicates saturation ratio. ** and *** indicate p < 0.01 and p < 0.001, 
respectively. 

Fig. 5. (a) Algal communities over five months in the Xin’an River and (b) the concentration of Anabaena.  
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experiment showed that when surface water flows through the riparian 
zone, it may produce CH4 that is discharged into the river, thus affecting 
the CH4 concentration in the river water. The water level fluctuation and 
the increase in surface runoff caused by rainfall may expand this 
contribution to the CH4 level in the river. In addition, although there is 
very little organic sediment in the mainstream of the Xin’an River, there 
may be a large amount of organic sediment in some relatively small and 
quiet tributaries or bays. According to our incubation experiment, the 
CH4 production capacity of organic soils was stronger than that of 
high-concentration algae (Fig. 6a). In this case, small and quiet bays or 
tributaries may be hotspots for CH4 production, and the produced CH4 
may diffuse laterally into the mainstream. Additionally, the CH4 in the 
groundwater was reported to be very high (Taylor et al., 2021), which 
could be a potential source of river CH4. 

4.1.2. Algae and nutrient concentration 
We analysed the correlation between the CH4 saturation ratio and 

environmental factors based on Pearson correlation analysis. The results 
showed that DOC and fDOM were positively correlated with CH4 satu
ration ratio (Fig. 4). This is because organic carbon is the substrate for 
anoxic methanogenesis. This seems contrary to our conclusion that CH4 
can be produced in oxic water. In fact, having algal particles and 
microcolonies may create anoxia, which could provide a suitable envi
ronment for anoxic methanogenesis. It has been shown that cyanobac
teria often host methanogenic archaea (Batista et al., 2019; Cook et al., 
2019). Therefore, we observed high CH4 concentrations and saturation 
ratios, along with high cyanobacterial density in August 2020 when 
algal blooms occurred due to high temperature (Figs. 2 and 5). Inter
estingly, we found a significant positive correlation between the CH4 
saturation ratio and DO saturation ratio (p < 0.001, Fig. 4), which was 
different from the results in other studies (Xiao et al., 2021; Zhang et al., 
2021b). We attributed this paradox to photosynthesis induced by algae 
since we observed a significant positive correlation between Chla con
centration and DO saturation ratio (p < 0.001, Fig. 4). Although 
algae-induced photosynthesis is not beneficial for anoxic 

methanogenesis because it can produce O2 that would poison meth
anogenic archaea, its ability to produce DOC can support anoxic meth
anogenesis. Consequently, methanogenic archaea may adhere to algae 
and utilize the DOC derived from discharged human wastewater and/or 
photosynthesis to produce CH4. Furthermore, an increasing number of 
studies have found that algae could convert bicarbonate to CH4 under 
oxic conditions during photosynthesis (Günthel et al., 2020). A recent 
study also demonstrated that nitrogen-fixing cyanobacteria could pro
duce CH4 during nitrogen fixation (Zheng et al., 2018). In our study, we 
observed that the concentration of Anabaena (nitrogen-fixing cyano
bacteria) was significantly higher in August 2020 than in the other four 
months (p < 0.01, Fig. 5b), and N2 was unsaturated in this period 
(Fig. 2c), suggesting that nitrogen fixation could be another pathway to 
produce CH4. A possible mechanism pointed out by Tang et al. (2014) is 
that nitrogen fixation can produce hydrogen for CH4 production. Pre
vious studies have demonstrated that oxic CH4 production can 
contribute greatly to the atmospheric CH4 budget in deep lakes and 
reservoirs (Donis et al., 2017; Günthel et al., 2019). In our study, 
although we did not quantify the specific contribution of oxic CH4 
production to CH4 concentration, we observed that the Cha concentra
tion was positively correlated with the CH4 saturation ratio (Fig. 4), 
suggesting that algae may also have an impact on CH4 levels in rivers. 
Furthermore, the incubation experiment also indicated that algae can 
produce CH4 under oxic conditions (T3, Fig. 5a). No evident CH4 
accumulation was observed when adding sediment collected from the 
riverbed (T5, Fig. 5a), indicating that the CH4 in the water column in the 
Xin’an River was not produced mainly from sediment. However, the 
relative contribution of oxic CH4 production induced by algae to the CH4 
concentration in the water column was much lower compared with the 
treatment that was added with organic solids (from the riparian zone) in 
the incubation experiment (T4, Fig. 5a), suggesting that the riparian 
zone may be a hotspot for CH4 production under flooding, which is 
similar to the results in a recent study (Shi et al., 2021). These results 
indicated that oxic CH4 production caused by algae may potentially 
increase the CH4 concentration in gravel-bed rivers with very little 

Fig. 6. Concentrations of dissolved CH4 (a) and O2 (b) in the incubation experiment. (c) Concentrations of TN, TP, and Chla in the water on the last day. Error bars 
represent standard deviations. T1: river water with no algae; T2: river water; T3: river water + algae; T4: river water + organic solids collected from the riparian 
zone; T5: river water + sediment. 
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organic sediment, but its specific contribution is unknown and needs 
further study. 

Numerous studies have revealed that CH4 production and emissions 
are associated with the eutrophication of waters. A significant correla
tion between CH4 concentration or emission rate and nutrient concen
trations was found in these studies (Zhang et al., 2021a; Xiao et al., 
2021). Similar results were also observed in our study (Fig. 4). However, 
we found that the correlation between the CH4 saturation ratio and TP 
concentration was more significant than that between the CH4 satura
tion ratio and TN. We attributed this to the high N: P ratios. As shown in 
Table 1, the N:P ratios were very high in July 2020, October 2020, 
January 2021, and April 2021 and were even higher than the Redfield 
value (N:P ratio = 16). Besides, significant correlations between Chla 
concentration with TP concentration and N:P ratio were observed but no 
significant correlation was found between Chla concentration and TN 
concentration, which suggested that the growth of algae was generally 
limited by phosphorus rather than nitrogen during these four months. As 
a result, the nutrient could indirectly affect methanogenesis by con
trolling primary productivity, such as inducing the growth of algae. 
Furthermore, the low N:P ratio could shift the algal community from 
nonnitrogen-fixing algae to nitrogen-fixing cyanobacteria (Smith, 
1983), which may also have an impact on the CH4 concentration. 

4.1.3. Rainfall events 
The mean dissolved CH4 concentration during the rainy month (July 

2020) was significantly lower than that in August 2020 (p < 0.001, 
Fig. 3a) but relatively higher than those in the other three sampling 
months, which seems to contradict our conjecture that rainfall may lead 
to water level fluctuations, resulting in the lateral diffusion of CH4 from 
the riparian zone to the river. Here, we discuss some potential reasons 
for this phenomenon. First, the very high precipitation during July 2020 
(Fig. 7) may have diluted the CH4 concentration in the river. Second, the 
disturbance caused by heavy rainfall may have aggravated CH4 emis
sions (diffusion and ebullition) from the water to the atmosphere, 
resulting in a decline in the dissolved CH4 concentration in the river. 
Third, the nutrient concentrations during the rainy period were gener
ally higher than those during the post-rainy period (Table 1), but we 
observed that the Chla concentrations were much lower than those in 
August 2020 (p < 0.001, Table 1). Heavy rainfall shifts the river to the 
flood period, resulting in a higher water velocity, while rapid flushing 
due to high water velocity is not conducive to the growth of cyano
bacteria (Reynolds et al., 2006; Zou et al., 2020). As evidenced by the 
incubation experiment (Fig. 6), the presence of algae can significantly 
promote methanogenesis, which may be an important explanation for 
the lower CH4 concentration in July 2020 compared with that in August 
2020. Fourth, the increase of water discharge caused by heavy rainfall 
events may have reduced the river CH4 level because the high water 
discharge can increase the CH4 emission and reduce the CH4 concen
tration according to a previous study (McGinnis et al., 2016). Fifth, we 
observed that the concentrations of DOC and FDOM during the rainy 

period were lower than those in August 2020 (Table 1), which may have 
been an important reason for the low concentration of CH4. Last but not 
least, the low temperature caused by heavy rainfall (Fig. 7) could be 
another reason why the CH4 concentrations were lower in July 2020 
than in August 2020 since temperature is a vital factor that could affect 
CH4 production (Yvon-Durocher et al., 2014). 

4.1.4. WT 
In this study, we found that the concentration of CH4 in August 2020 

with high WT was significantly higher than that in January 2021 with 
low WT (p < 0.001, Table 1). The dissolved CH4 concentration in August 
2020 was 3.61 times higher than that in January 2021. A significant 
relationship was also observed between the WT and CH4 saturation ratio 
(Fig. 4). These findings indicated that WT was also an important factor 
affecting CH4 concentration. An increase in temperature enhances the 
CH4 production capacity by promoting the activity of methanogens and 
related enzymes (Yvon-Durocher et al., 2014). Furthermore, algal 
blooms are more likely to occur with increasing temperature (Paerl 
et al., 2012), which also enhances net CH4 production and consequently 
increases the dissolved CH4 concentration. 

4.2. Comparison with other studies 

We measured the CH4 concentrations based on MIMS. The mean CH4 
concentration over five months was 0.58 ± 0.65 μmol L− 1, which was 
lower than the global mean value (1.35 ± 5.16 μmol L− 1) (Stanley et al., 
2016). Although the concentration of CH4 was low compared with the 
global average, the high CH4 saturation ratios indicate that gravel-bed 
urban rivers with very little organic sediment still have strong CH4 
emission potential. The mean CH4 concentration of this study was much 
lower than that of the other two urban rivers recently investigated by 
Zhang et al. (2021b) and Wang et al. (2021) in the Chaohu Lake Basin, 
China, and Beijing, China, respectively (mean CH4 concentrations were 
5.5 and 2.5 μmol L− 1, respectively). A possible reason for this is that the 
riverbed is stony, and there are very few organic sediments in the 
mainstream Xin’an River. Our incubation experiment showed that the 
addition of organic solids potentially increased the CH4 concentration in 
the water column, which is consistent with several studies that reported 
that organic sediment was a hotspot of CH4 production (Conrad et al., 
2009; Mach et al., 2015; Emilson et al., 2018), and CH4 diffusion from 
organic sediment was an important source of water column CH4 (Mar
tens et al., 1980). In addition, the eutrophication degree of the Xin’an 
River was lower than that of the urban rivers mentioned above. Ac
cording to our results and previous studies, eutrophication can signifi
cantly affect CH4 concentrations in the water column, which may also be 
a vital reason for the low CH4 concentration in our study areas. 

4.3. Implications for management 

Reducing eutrophication is an effective method that can control CH4 

Fig. 7. Precipitation (a) and air temperature (b) in the five sampling months. The bottom line, middle line, and the top line of the box plot indicate the values at 25%, 
50%, and 75%, respectively. 
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production and emission, as reported by numerous studies (Davidson 
et al., 2018; Beaulieu et al., 2019). However, not only nutrients (mainly 
nitrogen and phosphorus) but also the N:P ratios should be taken into 
consideration in the management of CH4 production because we noticed 
that the CH4 saturation ratio was negatively correlated with the N:P 
ratios (Fig. 4). This negative correlation may have been due to biological 
nitrogen fixation since the low N:P ratio was beneficial for 
nitrogen-fixing cyanobacterial growth, which could enhance CH4 pro
duction and increase the CH4 concentration. As a result, we recommend 
that nitrogen control should be applied cautiously in nitrogen-limited 
waters in the management of eutrophication, as well as in CH4 
mitigation. 

The positive relationship between the CH4 saturation ratio and WT 
(Fig. 4) indicates that the potential for CH4 production and emission can 
be enhanced with increasing temperature. The temperature of urban 
regions is normally 2–4 ◦C higher than that in nonurban areas due to the 
heat island effect (Liu et al., 2015). In addition, heatwaves under climate 
change may also enhance methanogenesis and algal blooms, leading to 
intense CH4 production and emission. Overall, the global warming 
caused by greenhouse gas (CH4, N2O, CO2, etc.) emissions can provide a 
positive feedback on CH4 production. Thus, urban wastewater should be 
treated efficiently to remove nutrients and organic matter. Furthermore, 
we observed that the CH4 concentrations were much higher in the 
sampling sites near the large WWTP (Fig. 3d), indicating that municipal 
WWTPs should improve sewage treatment efficiency to reduce the CH4 
level in wastewater. 

Organic sediment is one of the important sources of nutrients in the 
water column (Percuoco et al., 2015) and may become an important 
driving factor for algal growth (Wu et al., 2017). Sediment dredging is 
considered to be an effective measure to reduce nutrient release from 
organic sediment (Moore et al., 2017). In the Xin’an River with very 
little organic sediment, we observed that the concentrations of dissolved 
CH4 and nutrients in the water were generally lower than those in some 
urban rivers with a large amount of organic sediment. Our incubation 
experiments show that the presence of organic soils can potentially 
enhance CH4 production, along with the increase in CH4 concentration 
in the water column (Fig. 6a). Moreover, the presence of organic soils 
can significantly increase the concentration of nutrients in the water and 
consequently induce the growth of algae (Fig. 6c). Therefore, dredging 
organic sediment in ‘normal’ urban rivers (urban rivers with a large 
amount of organic sediments) that are seriously affected by human ac
tivities may be feasible in controlling nutrient release from organic 
sediment, alleviating algal blooms, and reducing CH4 concentrations 
and emissions. 

4.4. Limitations of this study 

In this study, we only measured the dissolved CH4 concentrations 
and calculated the CH4 saturation ratios. Neither diffusive nor ebullitive 
fluxes were directly measured. Consequently, we could not accurately 
quantify the CH4 emission from oxic urban rivers such as the Xin’an 
River and compare it with the global mean value. Additionally, CH4 
ebullition was reported to be more important than diffusion in shallow 
rivers due to the presence of a large amount of organic sediment (Wang 
et al., 2021). However, the contribution of CH4 ebullition to total CH4 
emissions in gravel-bed rivers with very little organic sediment, such as 
the Xin’an River, is still unclear and is an important issue for future 
research. CH4 oxidation is a vital pathway that can reduce CH4 in water 
bodies (Hao et al., 2020; Xia et al., 2021). However, we did not quantify 
the CH4 oxidation capacity in this study. Future studies can focus on CH4 
oxidation in gravel-bed urban rivers such as the Xin’an River and can 
calculate its contribution to CH4 reduction. Lastly, although our incu
bation experiments and field observations suggest that algae can pro
duce CH4 under oxic conditions and may further affect the CH4 
concentration in the water column, their specific contribution to the 
total CH4 concentration in gravel-bed urban rivers with very little 

organic sediment is still not clear and is worth studying in the future. 

5. Conclusions 

The Xin’an River is a gravel-bed urban river with very little organic 
sediment and high DO concentrations. Using a membrane inlet mass 
spectrometer, we measured the dissolved CH4 concentrations and 
calculated the CH4 saturation ratios for five months, including four 
seasons and a rainy month. The results showed that CH4 was supersat
urated across all sampling sites in the five months, which suggested that 
gravel-bed urban rivers with very little organic sediment also have large 
CH4 emission potential. The significant correlation between the CH4 
saturation ratio and Chla concentration and evident CH4 accumulation 
in the oxic water column during incubation when algae were added 
indicated that algae may be a potential factor that can affect the CH4 
concentration in oxic waters; however, their specific contribution to the 
total CH4 concentration in the water column remains unknown. The 
water CH4 concentrations were significantly higher in the downstream 
river than in the upstream river, indicating that human activities along 
the river had a large impact on CH4 concentrations. Other factors, such 
as WT, heavy rainfall events, and organic matter, can also potentially 
affect the CH4 concentration in such rivers. Furthermore, the algal 
blooms caused by human discharged nutrients can potentially increase 
the CH4 levels in river water. Based on our results, necessary measures 
should be considered to reduce the CH4 concentrations in urban rivers, 
such as reducing the concentrations of nutrients, organic matter, and 
CH4 in wastewater from human activities. 
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