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Abstract: Reservoirs are an integral part of the global carbon cycle and generally considered to be
methane (CHy4) emission hot spots. Although remarkable research achievements have been made
concerning CHy ebullition from inland waters, such as rivers, lakes, and ponds, few have been
devoted to CHy ebullition from plateau reservoirs. The present study focused on CHy ebullition
from the Dahejia Reservoir located in the upper reaches of the Yellow River. We analyzed the
spatial and temporal characteristics of CHy ebullition flux across the water-atmosphere interface
between July and August 2021. We also evaluated the influence of microbes on CHy ebullition
flux. The results showed that (1) CHy ebullition was the dominant mode of CH, emissions in
the study site, which contributed to 78.85 &= 20% of total CHy flux. (2) The mean CHj ebullition
flux in the nighttime (0.34 4 0.21 mg m~2 h~!) was significantly higher than that in the daytime
(0.19 £ 0.21 mg m~—2 h1). The mean CH, ebullition flux first decreased and then increased from
the upstream (0.52 + 0.57 mg m—2h~1) to the downstream (0.43 + 0.3 mg m—2 h1) of the Yellow
River. (3) Sediment microbes affected the CH, ebullition flux primarily by changing the microbial
community abundance. The regression analysis showed that CHy ebullition flux had a significantly
linear negative correlation with microbial abundance in sediments. The redundancy analysis further
showed CHy ebullition flux was significantly positively correlated with the abundances of Firmicutes
and Actinobacteria, and negatively with that of Proteobacteria and Chloroflexi. Among abiotic
variables, CHy ebullition flux was closely related to total phosphorus, total organic carbon, pH and
nitrate nitrogen.

Keywords: CHy; ebullition flux; plateau reservoir; microbes

1. Introduction

Global warming has been deteriorating since the age of industrial revolution. From
1750 to 2021, the atmospheric methane (CHy4) concentration increased from 722 ppb to
1889 ppb, by 162% [1]. CHy is one of the three primary greenhouse gases. On the centennial
scale, the warming potential of CH, is maximally 28 times that of carbon dioxide [2]. In
the past century, CH, has accounted for roughly 20% of the global temperature increase.
CHy is not only an important food and energy source in the freshwater food web, but
also occupies an irreplaceable place in the carbon cycle of aquatic ecosystems [3]. The
increase in atmospheric CHy concentration has undergone three stages on the temporal
scale. The first stage is the growth stage (8.4 & 0.6 ppb year~!) and the second is the stable
stage (0.4 & 0.5 ppb year~!). The third stage, which is believed to have started in 2007, is
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another rapid growth stage (7.9 + 0.6 ppb year!) [4]. The increasing atmospheric CHy
concentration has caused a series of environmental safety problems, such as aggravating
climate change, glacier melt, and permafrost thaw. However, the natural or human factors
that are dominant in the above processes, remains unknown and attracts growing academic
interest.

Currently, most estimates of CH4 balance are usually carried out by replacing the total
CH, emissions with CH, diffusion, while ignoring CHy ebullition [5]. The global freshwater
ecosystem emitted 93.1 Tg CHy into the atmosphere every year, with CHy ebullition
accounting for about 59% (55.3 Tg CHy) [6]. Under extreme conditions, CHy ebullition may
be several dozen times that of emissions by diffusion [7]. The most intensively studied
influence factors of CHy emission fluxes from inland water bodies include meteorological
factors (wind speed, atmospheric pressure), water quality factor (pH, dissolved oxygen,
nutrient salts), hydrological factors (water depth, water velocity, water temperature), and
ecosystem productivity [8-10]. In addition to environmental factors, CHy ebullition flux is
also influenced by microbes. The global aquatic ecosystem emitted 576 Tg CH,4 every year,
most of which was produced by methanogens, but more than half of which was oxidized
to carbon dioxide by methanotrophs. In marine ecosystems, more than 90% of CH4 was
consumed by methanotrophs [11-13]. Therefore, mitigation of CH4 emissions from aquatic
ecosystem requires more attention to the relevant microbes [14].

The Qinghai-Tibet Plateau has been substantially influenced by global climate change,
and the influence pattern is considered more complex than in many other places in the
world. Global climate change has brought significant changes to the ecosystem composi-
tion, including hydrology, soil, climate, and biology [15,16]. Although the Qinghai-Tibet
Plateau shows a lower temperature than that of many tropical zones, there are abundant
psychrotolerant methanogens, indicating sustained metabolic activity even during the
cold season [17]. In addition, low atmospheric pressure due to the high altitude facili-
tates significantly CHy ebullition emissions from the lakes and rivers of the Qinghai-Tibet
Plateau [18,19]. Unlike natural aquatic ecosystems such as lakes and rivers, the water level
of plateau reservoirs fluctuates more greatly and frequently due to human control [20].
The corresponding changes in hydrostatic pressure and alteration of redox conditions
in the reservoir ecosystem have prompted CHy4 production and emissions [21]. These
things considered, reservoir fluids are in a static state and associated with longer hydraulic
retention time and lower dissolved oxygen concentration in water bodies and sediments
compared with natural aquatic ecosystem [22]. Therefore, the CH, supersaturation and
ebullition are common occurrences in reservoirs. A growing body of evidence has shown
that water bodies in the Qinghai-Tibet Plateau are CH4 emissions hotspots [19,23]. A more
accurate estimate of global CHy emissions is hardly possible without the basic data from
the Qinghai-Tibet Plateau. In the present study, we first analyzed the spatial and temporal
characteristics of CHy ebullition flux across the water—atmosphere interface between July
and August 2021. We then evaluated the influence of biotic and abiotic factors on CHy
ebullition flux, in the hope of laying the foundation for in-depth investigation of CHy
ebullition flux in plateau reservoirs.

2. Study Sites

The Dahejia Reservoir (102°45'8.80" E, 35°50'10.44” N) of the Yellow River is located
in the hinterland area inhabited by Chinese ethnic minorities (Figure 1). Sitting along
the trunk stream of the Yellow River at the junction between Guanting Town of Huzhu
Tu Autonomous County in the Qinghai Province and Dahejia Town of Jishishan Bonan,
Dongxiang and Salar Autonomous County, the Dahejia Reservoir is the twelfth cascade
hydropower station under the hydropower development plan for the Longyang Gorge-
Qingtong Gorge subregion of the Yellow River. The geomorphology around the reservoir is
featured by the alternation between gorges and plains. The terrain is flat with conspicuous
gullies on the two banks. The reservoir is 75 to 120 m wide during the flat water period.
The water depth is mainly controlled by the upstream hydropower station and fluctuates
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widely, ranging from 1.8 to 5.6 m. The study site has a continental climate. Located deep in
the northwest inland and far from the sea, the Dahejia Reservoir has large diel and annual
temperature ranges, with little rainfall throughout the year and large evaporation. Due to
high frequency of harsh weather events in winter, including Siberian high and cold waves,
the average minimum temperature over the years is as low as —11.6 °C. The precipitation
in this region increases as temperature increases in spring. The local precipitation further
increases in summer and autumn as the Pacific subtropical high extends towards the west.
Precipitation in these two seasons makes a greater contribution to annual precipitation
compared with spring and winter, accounting for about 70%. The subregion surrounding
the reservoir is dominated by cultivated plants, which are occasionally interspersed with
natural vegetation, including coniferous forests, brush, grassland, and meadow. Light gray
calcareous soil is the predominant soil type in the study site. Despite the high land use
diversity, the land utilization level remains low [24].

50°N

30°N

10°N

40°N

33°N

Figure 1. Location map of the study site. Twelve sampling points were subdivided into four
subregions: River (1-3), Middle (4-6), Lake (7-9), and Down (10-12).

3. Materials and Methods
3.1. CHy Fluxes Monitoring

The study site extended from 2 km upstream to 1 km downstream of the Dahejia
Reservoir. From upstream to downstream of the reservoir, the study site was subdivided
into four subregions: River, Middle, Lake, and Down, as shown in Figure 1. In each
subregion three sampling points were set up, and there were 12 sampling points in total.
From July 29 to 31, 2021, CHy, fluxes across the water-atmosphere interface were monitored
on the diel scale for River, Lake, and Down subregions at a time interval of six hours.
From August 1 to 18, 2021, 12 sampling points were monitored during the daytime. CHy
fluxes across the water-atmosphere interface were measured using the static chamber-gas
chromatography-based method [17]. Using the headspace equilibrium technique [25], the
concentration of CHy in water samples was measured on a gas chromatography (Agilent
7890B, Santa Clara, CA, USA) equipped with a flame ionization detector.

Total CHy flux (Ft, pmol m~2 d~!) was monitored using a static chamber and calcu-
lated according to the equation below [17]:

ng —ng

F p—
t At

)
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nt and ng are CHy gas concentrations in the static chamber at time t and the initial moment
0 (mol), respectively. A is the surface area of the static chamber above water (m?). t is the
monitoring duration (min).

The CHy diffusion flux (Fg, tmol m~2 d 1) is calculated using the thin-boundary layer
method [26]:

Fq =k x (Cwater - Cequilibrium) 2)

k is the gas diffusion rate (cm h™1); Cywateris the dissolved CHy4 concentration in the water
body (umol L™1); Cequilibriumis the equilibrium concentration of CHy in the water body un-
der actual conditions (umol L™1). CH, saturation in the surface water (%) is Cyaterdivided
by Cequilibrium- CHa ebullition flux (Fe, pmol m~2 d71) is defined as the total CHy flux
minus the diffusion flux.

3.2. High-Throughput Sequencing

High-throughput sequencing was conducted by Beijing Biomarker Technologies using
the Illumina NovaSeq 6000 system [27]. After microbial total DNA extraction from the
sediments with a FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA), we
carried out real-time PCR, followed by product purification, quantification, and homog-
enization. A sequencing library was built and subjected to a quality check. If the library
was eligible, it was then sequenced using the Illumina NovaSeq 6000 sequencing platform
(IIIumina, San Diego, CA, USA). The sequencing data analysis consisted of the following
steps: (1) raw read processing: the raw reads were subjected to preliminary screening, with
the low-quality reads filtered out and leaving only the high-quality ones. (2) operational
taxonomic unit (OTU) clustering and species annotation: Usearch was employed for OTU
clustering at 97% identity threshold, and the number of OTU was determined [28]. Thus,
the high-quality reads were denoised and clustered into OTU. Then, based on the sequence
compositions of OTU, we obtained the species abundance for different taxonomic ranks
(phylum, class, order, family, genus, and species).

3.3. Collection and Measurement of Environmental Data

A Van Veen grab sampler with a mouth measuring 1/40 m? was used to collect
sediments at a depth of 0-15 cm at the specified sampling sites. The sediments were passed
through a 2 mm sieve, placed into a 20 mL centrifuge tube, and transported back to the
laboratory in a car refrigerator at 4 °C (PHILIPS TB5301, Amsterdam, The Netherlands).
The colorimetric method was used to measure the total phosphorus, total nitrogen, nitrate
nitrogen concentrations with Autoanalyser-3 (Seal Analytical, Norderstedt, Germany). The
total dissolved carbon of the sediment was measured by a total organic analyzer (Shimadzu
Corp, Kyoto, Japan). In the meantime, environmental parameters were acquired at about
0.5 m below the water surface at each sampling site using HQ40d portable water quality
monitor (Hach, Loveland, CO, USA), including dissolved oxygen, water temperature, pH,
salinity, and total dissolved solid. Water samples were collected using a 2 L stainless steel
water sampler into a 1 L water sample bottle. They were used to determine the water quality
indicators. The water depth and velocity were directly measured with doppler velocity
meter (BOYIDA LSH10-1QC, Xiamen, China). The wind speed, air temperature, and air
pressure were measured at 1 m above the water surface using a portable anemometer (Testo
480, Lenzkirch, Germany).

3.4. Statistical Analyses

Correlation analysis and one-way analysis of variance (ANOVA) were carried out
using SPSS 24.0. A p-value smaller than 0.05 was statistically significant. Three dupli-
cate samples were collected to determine the above parameters and indicators, and the
results were expressed as mean =+ standard deviation. R-3.6.3 was run to carry out redun-
dancy analysis (RDA) of the correlation between the primary microbes and environmental
variables, and statistical graph plotting.
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4. Results
4.1. The CHy Ebullition Flux Was Higher in the Nighttime than in the Daytime

Table 1 shows the dissolved CHy4 concentration, saturation, and contribution of CHy
ebullition flux in the surface water of the Dahejia Reservoir in the daytime and the nighttime.
The diel variation range of CHy4 concentration in the surface water of the Dahejia Reservoir
was 0.11-0.43 umol L~1. In the daytime, the CH, concentration fell within the range of
0.26-0.43 pmol L~1; in the nighttime, it varied within the range of 0.11-0.37 umol L. An
independent-samples T-test showed no significant differences in the mean CHy4 concen-
tration in the daytime (0.34 4= 0.06 umol L~!) and the nighttime (0.28 4- 0.08 umol L1
(p > 0.05). Both in daytime and nighttime, the dissolved CH, concentration was signifi-
cantly higher than the equilibrium concentration in the water body. The CHy saturation
in the surface water of the Dahejia Reservoir varied within the range of 81-6885%. In
the daytime, the CHy saturation fell within the range of 157-6885%; in the nighttime, it
fell within the range of 81-5189%. An independent-samples T-test showed that the mean
CHj saturation in the daytime (1732 £ 2803%) and the nighttime (1433 £ 2378%) was not
significantly different (p > 0.05). The contribution of CH, ebullition flux in the daytime to
total CHy flux at the reservoir varied within the range of 16.47-92.92%; In the nighttime, it
varied within the range of 80.35-100%. An independent-samples T-test showed that the
mean contribution of CHy ebullition flux in the nighttime (95.65 £ 7.97%) was significantly
higher than that in the daytime (68.01 &= 26.23%) (p < 0.05).

Table 1. Dissolved CHy concentration, saturation, and contribution of CHy ebullition flux in the
Dahejia Reservoir at different time.

Contribution of

Time CH4(CI(:11;§eE1j§?t10n CH, S(ao;I;ratlon CH4 Ebullition Flux
H ° (%)
(06[_)8‘3’_“12‘80) 0.34 £ 0.06 2 1732 + 2803 2 68.01 + 26.23
Nighttime 0.28 + 0,08 1433 + 2378 2 95.65 + 7.97 b

(18:00-06:00)

ab Values having different subscript letters in the same column are significantly different from each other (p < 0.05).

Figure 2 shows the temporal characteristics of CHy diffusion and ebullition flux across
the water—atmosphere interface of the Dahejia Reservoir in the daytime and the nighttime.
According to our measurements, the diel variation range of CHy diffusion flux across the
water—atmosphere interface was 0-0.14 mg m~2 h~!. In the daytime, the CHy diffusion
flux fell within the range of 0.01-0.14 mg m~2 hL; in the nighttime, it varied within
the range of 0-0.1 mg m~2 h~!. An independent-samples T-test showed no significant
differences in the mean CHy diffusion flux in the daytime (0.06 +- 0.05 mg m~2h~!) and the
nighttime (0.02 £ 0.04 mg m~2h~1) (p > 0.05). The diel variation range of CHjy ebullition
flux across the water—atmosphere interface was 0.03-0.69 mg m~2 h~!. In the daytime, the
CHy ebullition flux fell within the range of 0.03-0.69 mg m 2 h™!; in the nighttime, it varied
within the range of 0.07-0.6 mg m 2 h~!. An independent-samples T-test showed that
the mean CHy ebullition flux in the nighttime (0.34 & 0.21 mg m~2h~ 1) was significantly
higher than that in the daytime (0.19 4- 0.21 mg m~2 h™!) (p < 0.05).
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Figure 2. Diel differences in CH, diffusion flux (a) and ebullition flux (b). (The black lines represent
the median and white dots indicate the mean; lower and upper edges represent 25th and 75th,
respectively; whiskers represent confidence intervals of 1.5 times the interquartile range; black dots
indicate outliers).

4.2. Spatial Variation of CHy Ebullition Flux from Upstream to Downstream

Table 2 shows the dissolved CHy4 concentration, saturation, and contribution of CHy
ebullition flux in the surface water of the Dahejia Reservoir in different subregion. As shown
by Table 2, the CHy4 concentration in the surface water varied spatially within the range of
0.12-0.47 umol L. Specifically, in the River subregion, Middle subregion, Lake subregion,
and Down subregion, the CHy concentration in the surface water fell within the ranges
of 0.39-0.42 umol L1, 0.18-0.28 umol L1, 0.3-0.47 pumol L~!, and 0.12-0.24 pmol L1,
respectively. ANOVA revealed that the mean CH, concentration in the River subregion
(0.4 £ 0.03 pmol L™ 1) and the Lake subregion (0.39 £ 0.09 umol L~ 1) was significantly
higher than that of the Middle subregion (0.23 & 0.05 pmol L~1) and the Down subregion
(0.19 £ 0.06 umol L) (p < 0.05). The CHy saturation varied spatially within the range of
2297-8951%. In the River, Middle, Lake, and Down subregions, the CH, saturation fell
within the ranges of 6645-7246%, 3314—4730%, 5904-8951%, and 2297-4617%, respectively.
ANOVA revealed that the mean CHy saturation in the River subregion (6695 £ 779%)
and the Lake subregion (7720 £ 1565%) was significantly higher than that of the Middle
subregion (3310 + 808%) and Down subregion (3514 £ 1164%) (p < 0.05). The dissolved
CHy concentrations in the surface water of all subregions of the Dahejia Reservoir were
all significantly higher than the equilibrium concentration of CHy in the atmosphere. The
contribution of CHy ebullition flux in the River subregion to total CHy flux at the reservoir
varied within the range of 52.98-88.7%; for the Middle, Lake, and Down subregions, it
varied within the range of 96.3-99.43%, 43.69-79.05%, and 63.67-94.61%, respectively. Thus,
the Dahejia Reservoir was an emission source of CHy.

Table 2. Dissolved CHy concentration, saturation, and contribution of CH, ebullition flux in the
Dahejia Reservoir in different subregion.

Contribution of

Subregion CHy Concengation CH, Saoturation CH4 Ebullition Flux
(umol L-1) (%) (%)
River 0.40 £0.032 6695 + 779 2 70.84 +=25.252
Middle 0.23 +0.05b 3310 + 808 b 98.27 +1.73P
Lake 0.39 £0.092 7720 + 1565 @ 61.58 +17.692
Down 0.19 £ 0.06 3514 + 1164 P 75.39 + 16.78 2

ab Values having different subscript letters in the same column are significantly different from each other (p < 0.05).



Diversity 2023, 15, 154

7 of 15

Figure 3 shows the spatial characteristics of CHy diffusion flux and ebullition flux across
the water—atmosphere interface in different subregions of the Dahejia Reservoir. The CHy
diffusion flux across the water—atmosphere interface in the Dahejia Reservoir varied within
the range of 0-0.21 mg m~2 h™ . Specifically, the CH, diffusion flux in the River, Middle, Lake,
and Down subregions varied within the range of 0.11-0.12mg m~2h~!,0-0.0l mgm 2 h™},
0.04-0.13 mg m~2 h™!, and 0.04-0.21 mg m~2 h~!, respectively. ANOVA showed that the
mean CHy diffusion flux in the Down subregion (0.11 + 0.09 mg m~2 h~!) was significantly
higher than that of the Middle subregion (0.01 & 0.01 mg m2h1 (p < 0.05). However,
the mean CH, diffusion flux of the Lake subregion (0.07 £ 0.05 mg m~2 h™!) was not
significantly different from that in the River subregion (0.11 & 0.01 mg m~2 h~!) (p > 0.05).
As shown above, the mean CHy diffusion flux was higher in the upstream and downstream
of the reservoir. The CHy ebullition flux varied within the range of 0.08-1.12 mg m~2 h~1.
Specifically, the CHy ebullition flux in the River, Middle, Lake, and Down subregions varied
within the range of 0.12-0.92mg m~2h~!,0.08-1.12mgm~2h~!,0.08-0.15mgm 2 h~!, and
0.17-0.76 mg m~2 h~1, respectively. ANOVA showed that the mean CH, ebullition flux in the
River subregion (0.52 & 0.57 mg m~2 h~!), Middle subregion (0.51 + 0.54 mg m~2 h~1), Lake
subregion (0.11 & 0.04 mg m~2 h™!), and Down subregion (0.43 4- 0.3 mg m~2 h~!) were not
significantly different (p > 0.05). From upstream to downstream, the mean CHy ebullition flux
first decreased and then increased, with the minimum found in the Lake subregion. Taken
together, ebullition was the primary mode of CH, emission in the Dahejia Reservoir.

0.154 (a) 1.00 (b)
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= =
£ @ 's 075
-1/] e
2 0.0 E
] L]
2 £
= g 0501
g £
£ 3
= 0.05 Z
g )
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0.00 ? 0.00

River Middle Lake Down River Middle Lake Down

Figure 3. CH, diffusion flux (a) and ebullition flux (b) in different subregions (Symbols are similar
to Figure 2).

5. Discussion
5.1. Influence of Abiotic Factors on CHy Ebullition Flux

We carried out the Spearman’s rank correlation test for all data (Figure 4). The results
showed that CHy ebullition flux was significantly positively correlated with total CHy flux
(R =0.94, p < 0.05). This finding demonstrated the considerable contribution made by
CHy ebullition flux to total CHy flux. In other words, ebullition was a primary mode of
CH4 emissions from the reservoir. In the present study, we found that CHy ebullition flux
was significantly negatively correlated with total organic carbon in the water (R = —0.66,
p < 0.05) and total phosphorus in the sediment (R = —0.72, p < 0.05). Total organic carbon
and total phosphorus have been identified as two limiting factors for primary productivity
of the ecosystem [29,30]. The changes in ecosystem productivity may promote carbon
dioxide generation and inhibit methane production in the Dahejia Reservoir. CHy ebullition
flux was significantly positively correlated with sediment pH (R = 0.79, p < 0.05). It has
been reported that pH variation resulted in changes in carbon source and sink of the
aquatic ecosystem [31]. The higher the pH, the smaller the carbon dioxide emissions will
be, which reduces the environmental pH. Within the suitable range of pH for methanogens,
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the lower the pH, the higher the activity of the methanogens and the greater the amount
of CHy produced [32]. CH4 ebullition flux was significantly negatively correlated with
nitrate in sediment (R = —0.76, p < 0.05). Relevant studies have shown that nitrate nitrogen
promoted nitrous oxide generation and emissions, but had a negative correlation with CHy
emissions [33]. Nitrous oxide is involved in CH4 oxidation as electron receptors and can be
used for methane oxidation coupled to denitrification. [34,35]. Therefore, an excessively
high level of nitrate nitrogen inhibits CHy production. We found no significant correlation
between the other environmental variables and CHy ebullition flux. This was possibly
because we only studied the warm season.
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Figure 4. The correlations between CHy fluxes and physicochemical variables. Spearman’s rank
correlation coefficients are presented in the boxes in different colors. Blue represents positive correla-
tion, red indicates negative correlation, and white means no correlation. The asterisks (*) mean the
correlations are statistically significant (p < 0.05). (Abbreviation: Fy, total CHy flux; Fy, CHy diffusion
flux; Fe, CHy ebullition flux; WS, wind speed; AT, Air temperature; TPW, total phosphorus in water;
COD, chemical oxygen demand; TOCW, total organic carbon in water; TNW, total nitrogen in water;
WYV, water velocity; WT, water temperature; TDS, total dissolved solid; DOW, dissolved oxygen in
water; WpH, water pH; WD, water depth; SMC, sediment moisture content; TNS, total nitrogen
in sediment; TPS, total phosphorus in sediment; SpH, sediment pH; TOCS, total organic carbon in
sediment; NNS, nitrate nitrogen in sediment).

5.2. Sediment Microbes Affected the CHy Ebullition Flux

CHy4 emissions from reservoirs implicate complex interactions between various factors,
among which physicochemical variables only account for a certain proportion of CHy
ebullition. CHy production and emissions from inland waters are largely associated with
microbial activities [36]. To clarify the influence of microbial community composition and
structure in sediments on CHy ebullition flux, we first performed a regression analysis
between total microbial abundance in sediments and CHy ebullition flux. The results of the



Diversity 2023, 15, 154

9of 15

analysis are shown in Figure 5. CHy ebullition flux had a significantly negative correlation
with the total microbial abundance in sediments (R* = 0.499, p = 0.009).
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Figure 5. Regression analysis of CHy ebullition flux and the logarithm of microbial community
abundance in sediments. The red line represents the fit of a linear regression through the observed
data.

We further analyzed the influence of the abundance of different species on CHy
ebullition flux. The microbial communities in sediments in different subregions were
subjected to detrended correspondence analysis (DCA). The gradient lengths along the
four axes were 0.1564, 0.0092, 0.0024, and 0, respectively, all of which were below 3.
Therefore, we conducted a redundancy analysis (RDA) for the data. The results are shown
in Figure 6. The explanation degrees of RDA1 and RDA2 for CHy ebullition flux were
96.68% and 0.56%, respectively. The two collectively explained 97.24% of CHy ebullition
flux. Firmicutes and Verrucomicrobia were the main bacteria contributing to structural
differentiation of microbial communities in sediments at the sampling points 1 and 3.
Acidobacteria, Gemmatimonadetes, Epsilonbacteraeota, Chloroflexi, and Nitrospirae were
the main bacteria contributing to structural differentiation of microbial communities in
sediments at the sampling points 7, 8, and 9. Actinobacteria was the main contributor to
structural differentiation of microbial communities in sediments at the sampling point 6.
Bacteroidetes and Proteobacteria were the main contributors to structural differentiation of
microbial communities in sediments at the sampling points 4 and 5 in the Middle subregion
and at the sampling points 10, 11 and 12 in the Down subregion.

Total CHy flux and ebullition flux were positively correlated with the abundance
of Firmicutes, Actinobacteria, and Verrucomicrobia, and negatively with Proteobacteria,
Chloroflexi, Gemmatimonadetes, and Nitrospirae. The dissolved CH, concentration and
CHy diffusion flux were positively correlated with the abundance of Firmicutes and Verru-
comicrobia, and negatively with that of Bacteroidetes and Proteobacteria. Proteobacteria,
Actinobacteria, Bacteroidetes, Gemmatimonadetes, and Nitrospirae actively participate
in organic matter decomposition. These bacteria play crucial roles in the Earth’s bio-
chemical cycle of carbon, or even in sulfur cycle [37-39]. As shown in Figure 6, CHy
ebullition flux and diffusion flux were negatively correlated with the abundance of Nitro-
spirae. Most species belonging to the Nitrospirae are nitrifying bacteria and are widely
present in freshwater ecosystems. These bacteria can convert nitrites into nitrates and
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compete with methanogens for substrates [40]. It has been reported that nitrous oxide
and CHy emissions are negatively correlated with each other [33]. Due to the joint action
of methanotrophs (typically Methylocaldum species) and denitrifying bacteria (typically
Thauera species), nitrous oxide reduced CHy4 production while accelerating its oxidation.
Besides, as the temperature rose, there would be a transition from the predominance of
reduction of nitrous oxide to CH4 oxidation [41]. Furthermore, the CH, ebullition flux
and diffusion flux were also negatively correlated with the abundance of Proteobacteria.
This is because Proteobacteria competes with methanogens for substrates, which promotes
carbon dioxide and nitrous oxide emissions simultaneously. A large number of studies
have shown that the relative abundance of Proteobacteria had a significantly positive
correlation with carbon dioxide and nitrous oxide emissions [35,42]. The higher the abun-
dance of Proteobacteria and Bacteroidetes in soil, the higher the carbon dioxide emissions
would be [43]. It has been found that as primary producers, Epsilonbacteraeota is not only
backbones of the ecosystem, but also participates extensively in the carbon and nitrogen cy-
cles [44]. These bacteria use hydrogen or reductive sulfides as energy sources and produce
nitrogen via the denitrification pathway, where nitrates act as electron receptors. Besides,
Epsilonbacteraeota fixes carbon dioxide via the reductive tricarboxylic acid cycle (rTCA)
to achieve autotrophic growth [45]. As analyzed above, composition changes of microbial
communities in sediments are important biotic factors influencing CHy ebullition flux.

w..
Lt
Bacteroidetes
i 12.
Actinobacteria
5.
T
f; i
751 Proteobacteria
= 1. 4 .
::; (6] 10® Mcthane cbullition flux
< e e -
a g Total methane flux
P 9]
e 3
1 Nitrospirac . 1 : il
Acidobacteria
g o)
| R cmpatimonadetes Methane dilTusion flux
Epsﬂogbact racota
Chlorollexi
\D * .
clj_ Verrucomicrobia

0.4 1.0
RDAT1 (96.68%)

Figure 6. Redundancy analysis of the correlation between CHy fluxes and abundance of sediment
microbes. Red arrows represent sediment microbial communities, black arrows indicate CHy fluxes,
and blue dots represent sampling points (1-12).

5.3. Comparison of CHy Ebullition Flux at Reservoirs in Different Climate Zones

Table 3 shows the results of in-situ monitoring of CHy ebullition flux at several
reservoirs in tropical, subtropical, and frigid zones. The CHy ebullition fluxes at reservoirs
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in frigid zones are generally lower than those in tropical and subtropical zones. This is
because the lower the latitude and the higher the temperature, the higher the microbial
activity and the faster the CHy production will be [46]. The CHy ebullition flux varies
significantly across the reservoirs, especially for tropical and subtropical reservoirs. The
reasons for the variability include reservoir age, drainage subregion, land use pattern,
eutrophication, and primary productivity [47,48]. Recent studies have shown extensive
CHy4 ebullition flux in cold region of the north, a phenomenon that tends to be ignored
and has been rarely discussed [49]. CHy is very likely to accumulate in reservoirs located
in cold regions. An explosive growth of CHy flux is common in melt season [50]. As
global warming gets worse, the melting of permafrost rich in organic matter leads to
an increase in CHy emissions from the local water bodies [17]. For reservoirs in frigid
zones, the maximum CHy ebullition flux can reach up to 115.59 mg m~2 h~!. Dahejia
Reservoir is also located in the subtropical zone, like Samuel Reservoir in Brazil and Pengxi
River/Reservoir in the Three Gorges Reservoir Area, China. The CHj ebullition flux is
of the same order of magnitude at the three reservoirs. However, the Dahejia Reservoir
is located in the Qinghai-Tibet Plateau, where the climate more resembles that in the
frigid zone. Therefore, the CHy ebullition flux in the Dahejia Reservoir is closer to that
in Porttipahta Reservoir in Finland (0.4 mg m~2 h~!) and Miaowei Reservoir in tropical
China (0.33 + 0.56 mg m~2 h~1). Compared with the existing reports at home and abroad,
the CH4 ebullition flux across the water—atmosphere interface in the Dahejia Reservoir
is at a moderate level. The contribution made by CHy ebullition flux to total CHy flux is
comparable to that at other reservoirs at home and abroad.

As for the temporal and spatial characteristics on the reservoir scale, Grinham et al.
observed a significant difference in CHy ebullition flux in the daytime and nighttime [51].
However, we did not observe a similar pattern of variation for the Dahejia Reservoir. From
the upstream to the downstream of the reservoir, Yang et al. found that ebullition was
the dominant mode of CH,4 emissions in the upstream of the Xin’anjiang Reservoir, while
diffusion was dominant in the downstream [52]. Mcclure et al. showed that the CHy
ebullition flux decreased from the upstream to the downstream of the Falling Creek Reser-
voir [53]. We observed a similar variation for the Dahejia Reservoir, except that the CHy
ebullition flux in the Down subregion was significantly increased. Bai et al. reported similar
findings for the Three Gorges Reservoir during the low water period. That is, the CHy
ebullition flux was higher in the downstream (167.173 mg m~2 h~!) than in the upstream
(12.23-123.05 mg m 2 h~!) [54]. As analyzed above, CHy ebullition flux has displayed sig-
nificant temporal and spatial heterogeneity, either on the global or the reservoir scale. In the
context of global climate change, the temperature rise in the Qinghai-Tibet Plateau is twice
as much as the global average during the same period [55]. Moreover, the precipitation
and air temperature vary consistently in the plateau region. Both have been increasing
over the years. The increase in precipitation will accelerate organic matter decomposition,
while that in air temperature can lead to eutrophication. They work synergistically to
promote the geochemical cycling of carbon in water bodies [56]. The uniqueness of the
plateau environment plus the action of several other factors has aggravated the spatial
and temporal heterogeneity in CHy ebullition. However, our study was geographically
confined to the Dahejia Reservoir, and the findings may not be applicable to CHy ebullition
from reservoirs over the entire Qinghai-Tibet Plateau. It is necessary to choose more repre-
sentative reservoirs in the Qinghai-Tibet Plateau to clarify the spatial and temporal features
of CH, ebullition and the associated influence factors.
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Table 3. CHy ebullition flux from global reservoirs.

CH, Ebullition Flux _ Coniribution of

Reservoir (mgm-2h-1) CHy4 Ebl:i}i)tion Flux Note
Thirparappu [57] 114.47 95.07 Tropical
Miaowei [58] 0.33 + 0.56 62.26 Tropical
Gatun Lake [59] 525.56 97.7 Tropical
Falling Greek [53] 0.67 £ 0.31 72.17 Subtropical
Xin’anjiang [52] 2.73 £2.02 92.86 Subtropical
Itaipu [60] 0.025 7 Subtropical
Samuel [60] 0.57 55.88 Subtropical
Pengxi River [7] 0.84 70 Subtropical
Saar River [61] 531 +746 97 Temperate zone
Eguzon [62] 0.24 £ 0.56 9.8 Temperate zone
Northern Québec [63] 0.1 83 Frigid zone
Porttipahta [6] 0.4 17.09 Frigid zone
Lokka [63] 115.59 83.63 Frigid zone
Dahejia 0.31 £0.29 86.11 This study

6. Conclusions

It should be noted that since global warming has been deteriorating, the uncertainty
of CHy ebullition from reservoirs located in the Qinghai-Tibet Plateau will increase consid-
erably [17,19]. We studied CHj4 ebullition flux from the Dahejia Reservoir located in the
upper reaches of the Yellow River and analyzed the spatial and temporal characteristics of
CHy4 ebullition flux, the contribution made by CHy ebullition flux to total CHy flux, and
the influence factors during the warm season (from July—August 2021). We arrived at the
following conclusions:

1. CHyj ebullition was the dominant mode of CH,4 emissions at the study site and
contributed to 78.85 + 20% of total CHy4 flux.

2. The CHy ebullition flux in the nighttime (0.34 4- 0.21 mg m~2 h~!) was significantly
higher than that in the daytime (0.19 + 0.21 mg m 2 h~1!).

3. The CHy ebullition flux first decreased and then increased from upstream to down-
stream. In the River, Middle, Lake, and Down subregions, the CHy ebullition flux
was 0.52 £ 0.57 mgm~—2h~!,051 + 0.54mgm2h~1,0.11 £ 0.04 mgm~2h~!, and
0.43 + 0.3 mg m~2 h~!, respectively.

4. Among abiotic variables, the CHy ebullition flux was closely related to total phos-
phorus, total organic carbon, pH and nitrate nitrogen. Among biotic factors, CHy
ebullition flux had a significant negative linear correlation with microbial abundance.
The redundancy analysis showed that the CHj, ebullition flux was significantly posi-
tively correlated with the abundances of Firmicutes and Actinobacteria and negatively
with that of Proteobacteria and Chloroflexi.

Although we had studied the CHy ebullition flux of the Dahejia Reservoir on the diel
scale, our study still had the following limitations due to limited time and manpower.
We had discussed the diel and spatial variations of CHy ebullition flux across the water-
atmosphere interface in the Dahejia Reservoir of the Yellow River. In the future, we need to
further investigate the monthly, seasonal, and interannual variations of CHy4 ebullition flux
in the study site, especially the variations in the cold season. Specifically, we will include all
microbes in the water bodies of the reservoir into our study. Microbial genome data will be
collected in a more comprehensive manner by metagenomic high-throughput sequencing,
so as to precisely quantify CHy ebullition.
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