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Abstract: Reservoirs are an important source of methane (CH,4) emissions, but the relative con-
tribution of CHy ebullition and diffusion fluxes to total fluxes has received little attention in the
past. In this study, we systematically monitored the CHy fluxes of nine cascade reservoirs (Dahe-
jia, Jishixia, Huangfeng, Suzhi, Kangyang, Zhiganglaka, Lijiaxia, Nina, and Longyangxia) in the
upper reaches of the Yellow River in the dry (May 2023) and wet seasons (August 2023) using the
static chamber gas chromatography and headspace equilibrium methods. We also simultaneously
measured environmental physicochemical properties as well as the abundance of methanogens and
methanotrophs in sediments. The results showed the following: (1) All reservoirs were sources of
CHy emissions, with an average diffusion flux of 0.08 & 0.05 mg m~2 h~! and ebullition flux of
0.38 & 0.41 mg m~2 h~1. Ebullition flux accounted for 78.01 + 7.85% of total flux. (2) Spatially,
both CHy diffusion and ebullition fluxes increased from upstream to downstream. Temporally, CHy
diffusion flux in the wet season (0.09 + 0.06 mg m~2 h~!) was slightly higher than that in the dry
season (0.08 & 0.04 mg m~2h~1), but CH, ebullition flux in the dry season (0.38 + 0.48 mg m2h1)
was higher than that in the wet season (0.32 + 0.2 mg m~2h~1). (3) gPCR showed that methanogens
(mcrA gene) were more abundant in the wet season (5.43 &+ 3.94 x 10° copies g_l) than that in the
dry season (3.74 & 1.34 x 10° copies g~ !). Methanotrophs (pmoA gene) also showed a similar trend
with more abundance found in the wet season (7 & 2.61 x 10° copies gfl) than in the dry season
(1.47 £ 0.92 x 10° copies g~ 1. (4) Structural equation modeling revealed that the ratio of mcrA/pmoA
genes, water N/P, and reservoir age were key factors affecting CHy ebullition flux. Variation parti-
tioning further indicated that the ratio of mcrA/pmoA genes was the main factor causing the spatial
variation in CHy ebullition flux, explaining 35.69% of its variation. This study not only reveals the
characteristics and influencing factors of CHy emissions from cascade reservoirs on the Qinghai
Plateau but also provides a scientific basis for calculating fluxes and developing global CH, reduction
strategies for reservoirs.

Keywords: CH, flux; methanogen; methanotroph; Qinghai Plateau

1. Introduction

The construction of water reservoirs has significantly altered river channel morphol-
ogy, hydrological conditions, and ecological environment, leading to changes in the nutrient
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cycles of water bodies, land, and the atmosphere. The building of dams has resulted in a
decrease in water flow velocity, causing suspended particles to settle in the reservoir. These
sediments provide substrates (such as nitrogen and organic carbon) for the growth and
reproduction of microorganisms and the generation of greenhouse gases in reservoirs [1].
Studies have found that damming can increase the emission of greenhouse gases (such
as CHy) from rivers compared to upstream sections [2,3]. CHy is the second most impor-
tant greenhouse gas after carbon dioxide (CO,), with a global warming potential (over a
100-year period) 25 times that of CO,, contributing as much as 20% to global warming [4].
As one of the main components of greenhouse gases, the concentration of CHy in the
atmosphere has been increasing at a rate of 7.6 & 2.8 ppb per year since the Industrial
Revolution. By 2022, the concentration of atmospheric CHy had reached 1923 £ 2 ppb,
nearly three times higher than pre-industrial levels in 1750 [5]. CH4 emissions are mainly
released through three pathways: diffusion, bubbling (ebullition), and degassing. Currently,
it is widely believed that downstream degassing is not the primary way of CH4 emissions
from reservoirs [6]. However, there is ongoing debate about whether diffusion or ebullition
is the main emission pathway. Research on tropical eutrophic reservoirs has found that
diffusion is the primary CHy4 emission pathway of the Eguzon reservoir, which has been in
operation for nearly a century [7]. Conversely, an increasing number of studies indicate
that CHy ebullition is the primary pathway in lakes, ponds, and rivers, contributing to over
80% of the total flux [8,9]. Research indicates that over 75% of future reservoir-induced
radiative forcing will be generated by CHj ebullition and degassing flux [2]. Therefore,
these flux pathways will be crucial for us to gain a deeper understanding and mitigate
carbon emissions. Currently, the estimation of CH4 emissions from most reservoirs is based
solely on diffusion flux, leading to a significant increase in uncertainty in the estimation of
CH, emissions from reservoirs. Therefore, there is an urgent need to conduct research on
CHy4 ebullition from reservoirs.

Currently, cascade damming is widely adopted as a key technology to meet the needs
of river water resources and the development and utilization of water energy resources. In
the cascade development mode, the spatial distribution of reservoirs is relatively dense,
and the longitudinal ecological elements of rivers exhibit characteristics that are signifi-
cantly different from those of single-level reservoirs [10]. Therefore, the cumulative impact
of cascade reservoirs on rivers is more complex than that of single-level reservoirs [11].
Previous studies have indicated that the construction of cascade reservoirs significantly
increases the spatiotemporal heterogeneity of greenhouse gas emissions [12]. There is a
significant increasing trend in emissions from upstream to downstream spatially. In the
study of factors influencing CH, emissions in reservoirs, extensive research has been con-
ducted on reservoir characteristics (such as location, construction time, hydraulic retention
time, and reservoir area), climate characteristics (including temperature, precipitation,
wind speed, and air pressure), sediment characteristics (such as organic matter and soil
texture), and the physical and chemical properties of water bodies (nutrient elements,
water temperature) [13,14]. However, CH, emissions in reservoirs are a complex biochemi-
cal process dynamically regulated by methanogenic and methanotrophic bacteria. These
microorganisms play a key role in the production and consumption of CHy and are abun-
dant in natural environments [15]. Currently, there is limited research on the correlation
between CH, emission fluxes and methane-related microbial communities involved in
methane metabolism, with most studies focusing on marine and freshwater lakes as well
as rivers [16]. Further investigation is needed to explore the impact of methane-related
microbial communities in reservoir sediments on CH, emissions.

The impact of global change on the Qinghai Plateau is significant and complex. An
increasing number of studies indicate that the greenhouse gas emissions from water bodies
on the plateau, especially from headwater rivers, are greater [17]. However, CHy emissions
from reservoirs closely related to headwater rivers are often overlooked. It is increasingly
recognized that assessing the spatial and temporal variability of CH4 concentrations and
emissions in hydropower reservoirs is crucial for accurate carbon budgets [18]. However,
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there is limited research that simultaneously considers the spatiotemporal variability of CHy
concentrations, fluxes, and methane-related microorganisms in these ecosystems [3,19].
Given the ongoing evolution of human activities and urbanization, the number of global
reservoirs is increasing each year. In this study, we investigated the dissolved CH4 concen-
tration, diffusive flux, ebullition flux, and their driving factors in the cascade reservoirs
of the upper Yellow River during an ice-free period in 2023. The study area is located
on the Qinghai Plateau and represents a typical plateau cascade reservoir system. The
objectives of this study were to (1) reveal the spatiotemporal heterogeneity of dissolved
CHy concentration and fluxes, (2) investigate the contribution of CHy4 ebullition flux to the
total flux, (3) explore the spatiotemporal distribution characteristics of relevant functional
genes along the upper Yellow River, and (4) elucidate the key control factors of CHy fluxes.

2. Materials and Methods
2.1. Study Area and Sampling

The Yellow River, known as the mother river of China, originates from the northern
foot of Bayan Har Mountains in the Qinghai Plateau and traverses the Qinghai Plateau,
Loess Plateau, and North China Plain, with a total length of approximately 5464 km and a
basin area of about 795,000 km?, before flowing into the Bohai Sea. The upper reaches of
the river basin, especially nine cascade reservoirs from Longyangxia to Dahejia, form an
important water conservancy hub in the upper reaches of the Yellow River (Figure 1). From
downstream to upstream, they are Dahejia (DH]J), Jishixia (JSX), Huangfeng (HF), Suzhi (SZ),
Kangyang (KY), Zhiganglaka (ZGLK), Lijiaxia (LJX), Nina (NN), and Longyangxia (LYX).
The long-term average flow rate in this area is about 600 m® s~. The long-term evolution
of runoff shows an obvious alternation between abundance and scarcity. The extensive
basin areas and steep terrain, particularly in its upper reaches, provide favorable conditions
for hydroelectric development. From 1974 to 2015, these nine cascade reservoirs were
successively built, forming a unique reservoir landscape in the upper reaches of the Yellow
River. Among them, LYX and LJX are large reservoirs. These reservoirs not only serve
multiple functions such as water regulation, supply, power generation, and flood control
but also provide valuable field observation data for studying climate change, ecological
environment, and greenhouse gas emissions in this region. They thus hold significant value
for a deeper understanding of ecological changes within the upper reaches of the Yellow
River Basin. Basic information on these reservoirs can be found in Table S1. The existence
of these cascade reservoirs offers a rare research platform to explore relationship between
greenhouse gas emissions and large-scale water conservancy projects. According to the
50 m interval from the dam, sampling work was conducted at six sampling points at L]X
and LYX in May (dry season) and August (wet season) of 2023, with three sampling points
at each of the remaining seven reservoirs. Water samples and sediment were collected at
each sample point. Due to road collapse at L]X in August, sampling activities could not be
carried out, resulting in missing data.

2.2. Sample Collection, Preservation, and Analysis

Portable water quality analyzer (HQ40d, Hach, CO, USA) was used to measure water
temperature, dissolved oxygen (DO), salinity, and other data at each sampling point. The
portable anemometer (Testo480, Lenzkirch, Germany) was used to measure wind speed.
Water samples were collected using stainless steel samplers and stored in sample bottles
for subsequent water quality index measurements. The detection indices include total
nitrogen (TN), total phosphorus (TP), and total organic carbon (TOC), with detection
methods mainly primarily following the protocols described by the State Environmental
Protection Administration [20]. Surface sediments were collected at a depth of 0-10 cm
using a sediment sampler. After thorough mixing of the sediments from all sampling points
within each reservoir, a portion was placed into sealed bags for measuring physicochemical
indicators (TN; TP; organic carbon, OC; pH), and another portion was transferred into
10 mL serum tubes. Samples were promptly transported to a portable refrigerator (TB5301,
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Philips, Amsterdam, Netherlands), and upon return to the laboratory, the serum tubes
were immediately stored at —80 °C for subsequent fluorescent quantitative PCR analysis of
methane-related microorganisms.
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Figure 1. Distribution map of cascade reservoirs in the upper reaches of the Yellow River.

2.3. Collection and Calculation of CHy

Total flux of CHy (Fypyy) is calculated using static chamber gas chromatography
method [16], and the formula is as follows:

Fuat = S 10) 0
where N; represents the concentration of CHjy in the floating chamber at time f (min), Ny
represents the initial concentration of CHy in the floating chamber, and A (m?) is the area
between the floating chamber and the water surface.

CHy diffusion flux (Fgigsion) is calculated using the diffusion model [21], and the
formula is as follows:

Faiffusion = KX (Cwuter - Ceq) (2)

where K (cm h™1) represents the gas diffusion rate, Cypgrer (pmol L~1) is the dissolved
concentration of CHy in the surface water, and CHy4 dissolved concentration is calculated
using the headspace equilibrium method [22]. C,; (tmol L) is the concentration of CH,
in water when reaching equilibrium between gas and liquid phases.

The ebullition flux of CHy (Fepyupition) is the difference between total flux and diffu-
sion flux:

Fepuiition = Frotal — Faiffusion 3)

2.4. Extraction of DNA from Methane-Related Microorganisms and gPCR

Quantifications of mcrA and pmoA genes were quantified using quantitative PCR
(qPCR) on the ABI 7300 Real-Time PCR system, following a previously reported method [23].
The mcrA gene was amplified using primer sets MLfF (5'-GGTGGTGTMGGATTCACACAR
TAYGCWACAGC-3') and MLR (5'-TTCATTGCRTAGTTWGGRTAGTT-3'), resulting in
a product length of approximately 471 bp. Similarly, the pmoA gene was amplified using
primer sets A189F (5'-GGNGACTGGGACTTCTGG-3') and mb661R (5'-CCGGMGCAACG
TCYTTACC-3') with a product length of approximately 509 bp. Triplicate PCR ampli-
fications were carried out on an ABI 7300 Real-Time PCR system (ABI 7300, Applied
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Biosystems, Foster City, CA, USA) in a total volume of 10 pL. comprising 5 uL. ChamQ
SYBR Color qPCR Master Mix (2x), 0.4 uL each of forward and reverse primers (5 uM),
0.2 pL ROX Reference Dye 1 (5x), 1 uL DNA template, and 3 pL of ddH,O. For mcrA
and pmoA genes, the PCR thermocycling began at an initial denaturation step at 95 °C for
5 min, followed by 35 cycles consisting of melting at 95 °C for 30 s, annealing at 58 °C for
30 s, and extension at 72 °C for 1 min. Fluorescence data were collected after each cycle.
Standard curves for mcrA and pmoA genes are y = —3.3311x + 38.689, R? = 0.9995 and
y = —3.3622x + 39.685, and R? = 0.9945, respectively. The amplification efficiencies for mcrA
and pmoA are 99.84% and 107.37%, respectively.

2.5. Statistical Analysis

A one-way analysis of variance was conducted using R 4.3.3 software to assess the
impact of sampling reservoirs and seasons on environmental factors, dissolved CH, concen-
tration, CHy fluxes, and methane-related microorganism gene abundance at a significance
level of p < 0.05. In this study, the piecewiseSEM package (version 2.3.0) was employed to
construct a structural equation model (SEM) using the psern command to assess the direct
and indirect effects of environmental variables on CH, fluxes. The model hypothesis in
this study was as follows: (1) reservoir properties may have influences on CHy fluxes.
(2) environmental characteristics such as climate and sediment properties may indirectly
influence CHy fluxes by impacting methanogenic and /or methanotrophic abundance. The
dredge command in the MuMIn package (version 1.48.4) was used to simplify the models,
and model comparison was conducted using the corrected Akaike information criterion
(AIC). Given that the CHy flux at the water—air interface of the cascade reservoirs in the
upper Yellow River is mainly contributed by CHy ebullition flux, we quantified the relative
importance of methane-related microorganism gene abundance, reservoir properties, cli-
matic characteristics, sediment, and water environment parameters on CH, ebullition flux
using the glmm.hp command in the glmm.hp package (version 0.1-3) [24].

3. Results
3.1. Physical and Chemical Characteristics of Reservoirs

During the sampling period, the water temperature of the reservoir ranged from 6
to 16 °C, as shown in Figure S1. Spatially, along the flow direction, there was a general
increasing trend in water temperature from 12.5 £ 2.5 °C at LYX to 28 + 2.5 °C at DHJ
(Figure S1). Wind speed ranged from 0.1 to 4.7 m s~ !, with significantly higher speeds
in the dry season compared to the wet season. pH ranged from 7.75 to 8.78, with overall
higher values in the dry season than in the wet season. TP showed an extremely high value
of 0.36 mg L~ in the dry season at DHJ and ranged from 0.01 to 0.02 mg L~! elsewhere. TN
was significantly higher in the dry season (1.18-11.48 mg L~!) compared to the wet season
(0.55-1.32 mg L~1). TOC was significantly higher in the wet season (3.51-67.27 mg L™1)
compared to the dry season (0.01-38.8 mg L~ 1).

The main physicochemical indicators of reservoir sediments are shown in Figure S2.
pH ranges from 8 to 9.45, with significantly higher values in the dry season compared
to the wet season and higher pH in the upstream reservoirs. TN ranges from 1.34 to
2.48 g kg1, showing noticeable seasonal fluctuations and regional differences without a
clear pattern. TP ranges from 0.09 to 0.5 g kg !, with significantly higher values in the dry
season compared to the wet season and higher TP in the upstream reservoirs in the dry
season but lower values in the wet season. TOC ranges from 2.01 to 11.31 g kg !, showing
large differences among reservoirs in the dry season, with higher TOC values in the middle
reservoirs. However, differences are smaller in the wet season.

3.2. Spatiotemporal Distribution of Dissolved CHy Concentration

The characteristics of dissolved CH, concentration in nine reservoirs are shown in
Figure 2, with all reservoirs acting as sources of CHy in both dry and wet seasons. Tempo-
rally, the dissolved CHy concentration in the Yellow River cascade reservoirs in the wet sea-
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son (0.25 4 0.14 umol L) was greater than that in the dry season (0.23 4- 0.15 umol L™1).
Specifically, DHJ, HF, KY, ZGLK, NN, and LYX reservoirs all exhibited higher dissolved
CHy concentrations in the wet season compared to the dry season, while JSX and SZ
showed higher concentrations in the dry season than the wet season. Spatially, there was
an increasing trend in dissolved CH4 concentration from upstream (0.13 % 0.06 pmol L1
to downstream (0.59 + 0.01 pmol L™1).

; .
. .

[ Dryseason |
; .

[ Wetiseason !
. .
.

0.6

0.4

0.2

CH, concentration (upmol L")

0.0

LYX NN LJX ZGLK KY Sz HF  JSX DHJ

Figure 2. Temporal and spatial characteristics of dissolved CHy4 concentration at each reservoir along
the upper Yellow River. Uppercase or lowercase letters indicate significant differences (p < 0.05) in
gene abundance among nine cascade reservoirs in the same season or between two seasons within
the same reservoir, respectively. Error bars represent standard deviations.

3.3. Spatiotemporal Characteristics of CHy Fluxes at the Water—Air Interface

During the observation period, the diffusion flux and ebullition flux of CHy in each
reservoir and their proportions are shown in Figure 3. There is significant spatial variability
in the two types of CH, fluxes among different reservoirs. Regardless of whether it is in
the dry season or the wet season, each reservoir acted as a source of CH4 and showed an
increasing trend from upstream to downstream. Specifically, CHy diffusive fluxes in the
wet season were higher than those in the dry season for DHJ, HF, KY, ZGLK, NN, and
LYX reservoirs. Only JSX and SZ showed higher fluxes in the dry season than in the wet
season. CH, diffusive fluxes of downstream reservoirs below 2000 m (DHJ, JSX, HF, and
SZ) were significantly higher than those of the other five reservoirs above 2000 m (p < 0.05).
CHy ebullition fluxes ranged from 0.01 to 3.91 mg m~2 h~!. On a temporal scale, the mean
ebullition fluxes in the dry season (0.39 + 0.66 mg m~2 h™!) were greater than those in
the wet season (0.32 & 0.26 mg m 2 h™1). Spatially, CHy ebullition fluxes of downstream
reservoirs below 2000 m (DHJ, JSX, HF, and SZ) were significantly higher than those of five
upstream reservoirs above 2000 m (p < 0.05). The average contribution of ebullition flux
to total flux for each reservoir was 73.83%, with a higher contribution in the dry season
compared to that in the wet season (p < 0.05).

3.4. Spatiotemporal Changes in the Abundance of the mcrA and pmoA Genes

The abundance of the mcrA gene shows significant spatial heterogeneity among
different reservoirs (Figure 4a). The copy numbers of the mcrA gene in nine reservoirs
ranged from 6.29 x 10% to 1.38 x 10° copies g~ !, with higher abundance in the wet season
(5.4 £ 3.94 x 10° copies g~ ') compared to the dry season (3.74 & 1.34 x 10° copies g 1).
However, four reservoirs (5Z, KY, ZGLK, NN) exhibited higher mcrA gene abundance in
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the dry season than in the wet season, and these four reservoirs are located in the middle
and upper reaches of the cascade reservoir systems. In the dry season, the SZ and LJX
reservoirs had the highest copy numbers of the mcrA gene at 5.79 + 1.51 x 10° copies g~ !
and 5.74 4 0.45 x 10° copies g, respectively, while the JSX, HF, and LYX reservoirs had
copy numbers of the mcrA gene lower than 3 x 10° copies g~ !. In the wet season, the LJX
reservoir had the highest copy number of the mcrA gene at 1.35 & 0.02 x 10° copies g~ !,
which was also the highest among all reservoirs in both the dry and wet seasons. In contrast,
the NN reservoir showed the minimum value with an mcrA gene copy number of only
9.62 £ 3.65 x 103 copies g~ !.

Dry season Wet season
94%

g
<

[ Diffusion flux
[ Ebullition flux

Ju—
wn

77%

CH, fluxes (mg m2h™")
(=]

e
i

0.0
ST FEIS P FeFedSey

Figure 3. Temporal and spatial characteristics of CHy ebullition and diffusion flux across the water—
air interface in the cascade reservoirs along the upper Yellow River. The numbers on the column
represent the contribution of ebullition flux to total flux.

LYX NN

| 1 | 1 1 1 0 |
LIX ZGLK KY Sz HF JSX DHJ LYX NN LJX ZGLK KY Sz HF JSX DHIJ

=
<

| : Aa
! [ Dry!season ' '
‘[ Wetiseason Aabi

Aab:

Abci :
i Abci
Acdi E ACdE
Ba i EB ab
: : Ade

: : Bbcl ! : : :
1 Be [ : 'Rl | Be[ i Be B
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Figure 4. Copy numbers of the mcrA (a) and pmoA (b) genes from upstream to downstream
(Longyangxia, LYX; Nina, NN; Lijiaxia, LJX; Zhiganglaka, ZGLK; Kangyang, KY; Suzhi, SZ;
Huangfeng, HF; Jishixia, JSX; Dahejia, DH]J. Uppercase or lowercase letters indicate significant
differences (p < 0.05) in gene abundance among nine cascade reservoirs in the same season or between
two seasons within the same reservoir, respectively. Error bars represent standard deviations.
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The abundance of the pmoA gene shows significant temporal heterogeneity among
different seasons (Figure 4b). The copy numbers of the pmoA gene in nine reservoirs
ranged from 4.99 x 10* to 1.22 x 10° copies g_l, with all reservoirs exhibiting higher
copy numbers in the wet season (7 4 2.61 x 10° copies g~ !) compared to the dry season
(147 £ 092 x 10° copies gfl, p < 0.01). In the wet season, the reservoirs at JSX, HE, and SZ
showed the highest copy numbers of the prmoA gene, with values of 8.95 - 1.65 x 10° copies g™},
1.17 + 0.04 x 10° copies g, and 8.99 & 0.93 x 10° copies g, respectively. In the dry
season, LJX and LYX had the highest copy numbers of the pmoA gene among large reser-
voirs with values of 2.65 x 10° copies g~ ! and 3.57 x 10° copies g, respectively, while

the other reservoirs had copy numbers below 2 x 10° copies g~ 1.

3.5. Multiple Effects of Environmental Properties and Functional Microorganisms on CHy
Ebullition Flux

Based on the field data, a structure equation model (SEM) was developed, incorporat-
ing physical and chemical properties of the water and sediment, reservoir characteristics,
climate characteristics, and microbial abundance, as shown in Figure 5. The SEM in our
study demonstrated a satisfactory fit to the data (Fisher’s C = 41.01, p = 0.68, df = 23,
AIC = 192.54) and accounted for approximately 83% and 54% of the variation in CHy
ebullition and diffusion fluxes, respectively (Figure 5a). CHy ebullition flux was mainly
influenced by reservoir area, sediment N/P, reservoir age, water N/P, water TOC, pre-
cipitation, and the mcrA/pmoA, which collectively explained 83% of the variation in CHy
ebullition flux (Figure 5a). Reservoir area, sediment N /P, reservoir age, water N/P, and
the mcrA/pmoA directly influenced CHy ebullition flux. Among these factors, the key
driver of CHy4 ebullition flux was reservoir area (standard coefficient = 0.81), where CHy
ebullition flux was significantly increased with reservoir area. The second most important
factor was reservoir age (standard coefficient = —0.72). The magnitude of the water N/P
effect (standard coefficient = —0.65) was comparable to that of the mcrA/pmoA (standard
coefficient = 0.63) on CHy ebullition flux.

Fisher's C=31.67; p = 0.76; df = 23; AIC =192.54 (b)loo R*=0.73
07?2 @ Reservoir age

-0 (I)9 0.29 —046*
: E Ebullition flux| R?=0.83 —@— * Reservoir area
1 —().65 *** 75
1] Water N/P |
1

0

-
- -

|
-

y

—0.64 **

"~

o \
Precipitation K}

|‘~
-
,

93 ook .

Water TOC

0.89 * 0.21

@ = mcrA/pmoA

® Positive

® Negative 50

Relative effect of esimates (%)

@ « Sediment N/P
23 @ Water N/P
I—H Precipitation
0 :
-1.0 05 0.0 0.5 1.0

Parameter estimates

Figure 5. (a) The impacts of abiotic and biotic factors on CHy flux, both direct and indirect. The
numbers above the arrows indicate path coefficients. The standardized direct and indirect effects
of the environmental factors on CHy ebullition flux. (b) The rank of controlling factors. Solid lines
represent statistical significance and dashed lines represent insignificance. All the asterisks denote
significance (* p < 0.05; ** p < 0.01; ** p < 0.001).

Environmental factors can also indirectly influence the CHy ebullition flux by altering
the mcrA/pmoA. Higher water TOC (standard coefficient = —0.89, p < 0.05) led to a decline in
the mcrA/pmoA, which subsequently lowered CHy ebullition flux. Precipitation indirectly
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decreased the CHy ebullition flux by affecting water TOC and the mcrA/pmoA with an
indirect effect of 0.52. Collectively, reservoir area, reservoir age, precipitation, water TOC,
sediment N/P, and water N/P accounted for 54% of the variance in the mcrA/pmoA.
Furthermore, the results of the variation partitioning (Figure 5b) indicate that the key
factors identified by SEM account for 84% of the variance in CHy ebullition flux. Specifically,
35.16% of this variance is attributed to the mcrA/pmoA, with water N/P (23.67%), reservoir
age (20.87%), and reservoir area (8.39%) also emerging as important predictors.

4. Discussion
4.1. Ebullition Dominates the CHy Emissions from Cascade Reservoirs in the Upper Yellow River

During the sampling period, the surface water of the Yellow River cascade reservoirs
remained highly saturated with CHy. The mean CHy concentrations reached 1599% to
13,619% of atmospheric levels, indicating that the reservoirs were a significant source of at-
mospheric CHy. This finding is consistent with observations in other inland aquatic ecosys-
tems [9,25]. CHy diffusive flux estimated in this study (0.08 & 0.07 mg m~2h~ 1) was lower
than the average CHy diffusive flux in Chinese reservoirs (0.43 + 1.39 mg m~2 h~1) [26].
Total CH, diffusion and ebullition fluxes ranged from 0.08 to 4.18 mg m 2 h~!, falling
within the lower to moderate range of globally averaged fluxes for hydroelectric reservoirs
(1.33-6.22 mg m~2 h~1) [18]. Previous studies have focused less on CH, emissions from
reservoirs in cold regions compared to those in tropical regions [27]. However, a compar-
ison of CHy fluxes with other reservoirs (Table 1) shows that nine cascade reservoirs in
this study, despite being located on the Qinghai Plateau, have significant CH, emissions.
These fluxes are comparable to some tropical reservoirs and even exceed those of some
temperate reservoirs. Compared to other reservoirs in the same region, CHy fluxes are
also higher. These comparisons indicate that CHy emissions from cascade reservoirs in the
upper reaches of the Yellow River cannot be ignored.

In most current CHy budget studies, total CH,4 emissions are typically represented
only by CH, diffusion emissions, with little consideration given to the significance of
CHy4 ebullition [28]. Bastviken et al. demonstrated that global freshwater ecosystems
release 93.1 Tg of CHy4 annually, with approximately 59% (55.3 Tg CHy) attributed to CHy
ebullition [29]. In some extreme cases, CHy ebullition flux can exceed the diffusive flux
by tens of times [30]. Previous research has indicated that younger reservoirs emit more
CHy [2]. This relationship was also observed in nine cascade reservoirs in this study, with
the youngest reservoir (DH]J, operational for 8 years) having the highest CH,; emission
flux (4.18 mg m~2 h™!). Research on eutrophic old reservoirs in the tropics has shown
that eutrophication promotes higher organic matter degradation, leading to increased CHy
production. However, it has been found that diffusion flux is the primary emission pathway
for CHy in such reservoirs (accounting for 78%) [7]. This may be mainly attributed to the
fact that the reservoir has been constructed for nearly a century, and over its lifecycle, the
potential for CH4 emissions gradually decreases, resulting in insufficient CH4 concentration
in sediments to support bubble formation. Our study conducted the first measurement of
CHy ebullition flux from cascade reservoirs in the upper Yellow River. The results revealed
that ebullition is the primary pathway for CH4 emissions in these reservoirs, with ebullition
fluxes being two orders of magnitude higher than diffusion fluxes. Previous studies have
indicated that reservoirs contribute the most to total CH4 emissions among five major inland
water bodies (rivers, reservoirs, lakes, ponds, and streams) [31]. Furthermore, research has
shown that in high-latitude regions, CHy diffusion emissions are often inhibited due to
low temperatures, low cumulative irradiance values, and short ice-free periods. As the
cascade reservoirs in the upper Yellow River are located in a cold region, it is likely that
CH,4 diffusion emissions are suppressed, leading to a higher contribution of CH, ebullition
to the total flux [32].
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Table 1. Comparison of CHy fluxes in different regions.

. Diffusion Flux Ebullition Flux
Reservoirs Zones

(mgm-2h-1) (mgm-2h-1)
Lua?gfﬁi:)’e[g fiasin temperate zone 0.04 £ 0.02 0.11 +0.04
(I"l;aer;a; Elj)i\{;;] tropic 0.08 & 0.05
Faﬂif(‘iiﬁi)lzésg‘“’ir temperate zone 0.27 £ 0.05 0.67 + 031
Zar;gﬁi;ﬁ;; \]/oir Tibet Plateau 0.02
This study Qinghai Plateau 0.08 + 0.05 0.38 + 041

4.2. Spatiotemporal Characteristics of CHy Emissions from Cascade Reservoirs in the Upper
Yellow River

CH4 emissions from hydropower reservoirs exhibit significant spatial and temporal
variability, with their magnitude varying by up to five orders of magnitude globally [18].
In this study, the diffusive fluxes from nine cascade reservoirs showed higher flux in the
wet season compared to the dry season (Figure 3). Temperature and precipitation are
widely recognized as two important factors influencing dissolved CH4 concentration in
aquatic ecosystems [38]. Due to the increased solar radiation, the air, water, and sediment
temperatures in the wet season have significantly risen (Figure S1). The rise in environ-
mental temperature will promote the metabolic activity of methanogens, subsequently
increasing methane production rates [39]. At the same time, the solubility of methane
in water decreases as water temperature increases, thereby further promoting the pro-
duction and emission of CHy [40]. In addition, the increase in temperature can result in
oxygen depletion, which subsequently promotes the accumulation of CH4 by reducing
CH4 consumption. Previous studies have shown that precipitation has a dual effect on
reservoirs. On the one hand, it increased the input of terrestrial organic matter and dis-
solved CHy. On the other hand, it generates a dilution effect on dissolved CHjy through
increased runoff [41]. The higher dissolved CHy4 concentration in the wet season indicated
that the dilution effect of precipitation is not significant on the dissolved CHy concentration
in the cascade reservoirs of the Yellow River. This phenomenon may be attributed to the
unique environmental conditions of the Qinghai Plateau. These lead to minimal changes
in sediment properties between two seasons, while temperature exerts a more significant
impact on methane-related microorganisms. As a result, hydraulic retention time has a
relatively small effect. The observed CHy fluxes (diffusion and ebullition) exhibited greater
variability in the dry season compared to the wet season (Figure 3). This is mainly due to
the increased hydrological connectivity between the cascade reservoirs in the wet season,
which enhanced the homogenization of dissolved CH, concentration and fluxes among
different reservoirs. In the dry season, CHy ebullition flux was higher than that in the wet
season. This phenomenon may be caused by changes in water level. Differences in water
level can have a profound impact on CHy emission fluxes, with shallower water levels
resulting in higher ebullition flux [42,43]. Spatially, the total CHy4 fluxes from upstream to
downstream showed an increasing trend (Figure 3), which is similar to the findings of other
studies on cascade reservoirs [44]. From the upstream to the downstream, temperature
increased, and the wind speed decreased as altitude rapidly decreased. The enzymatic
activity of sediment microorganisms in reservoirs increased with temperature, promot-
ing substrate degradation and CO, production. This provided abundant substrates for
hydrogenotrophic methanogens. Within a temperature range of 4-45 °C, the rate of CHy
production is directly proportional to temperature [45].
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4.3. The Ratio of the mcrA/pmoA Genes Affects CHy Ebullition Flux

CH4 emissions depend on the balance between CH, production and consumption,
which is closely linked to methane-related microorganisms. This process involves two
types of microorganisms: methanogens and methanotrophs, both of which play a crucial
role in the CH4 cycle within ecosystems [15]. mcrA and pmoA are key functional genes for
CH4 production and oxidation, respectively [46]. Pearson’s correlation analysis revealed
no significant relationship between the abundance of the mcrA gene and environmental
factors. In contrast, the abundance of the pmoA gene was found to be influenced by
temperature and nutrient availability (Figure 6). SEM further demonstrated that the
individual effects of the mcrA or pmoA gene abundance on CHy fluxes were not statistically
significant. Instead, they exerted a negative effect on CHy ebullition flux through the ratio
of the mcrA/pmoA genes (Figure 5). Variation partitioning revealed that the ratio of the
mcrA/pmoA genes is a reliable predictor of CHy emissions. Since CHy is mainly produced in
sediments, environmental factors indirectly affect CHy ebullition flux mainly by influencing
the relative abundance ratio of two genes. Emerson et al. discovered that spatial variations
in sediment microorganisms, especially those related to CHy, can improve the precision of
CH, emission estimation and prediction [47]. Research on rivers in the Qinghai Plateau has
shown that sediment characteristics, organic substrate concentration, and the abundance of
methanogens together explain 76% of CH4 emissions [48].
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Figure 6. Relations between dissolved CHy4 concentration, fluxes, and environmental factors and
functional gene abundance. The size of frames indicates the magnitude of the correlation between
variables. All the asterisks denote significance (* p < 0.05; ** p < 0.01; *** p < 0.001).

Sediments can directly influence the CHy generation through their carbon, nitrogen,
and phosphorus concentrations. In this study, we found a significant negative correlation
between the CHy4 ebullition flux and the nitrogen/phosphorus concentration ratio (p < 0.05).
A higher TP concentration can enhance the production of the CH, bubble, resulting in
a greater proportion of ebullition flux [49]. Furthermore, changes in temperature and
precipitation can indirectly impact CH4 emissions by altering the substrate concentration
required for CHy production. Organic carbon and nitrogen concentrations in the sediments
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exhibited an increasing trend from upstream to downstream, following the direction of
water flow (Figure S2). Concurrently, there was a gradual rise in water temperature as
a result of decreasing elevation and the southward flow of water [50] (Figure S1). This
change in temperature had an impact on the activities of methanogens and methanotrophs,
leading to alterations not only in CHy fluxes but also in the relative contributions from
different emission pathways. Research has shown that CH4 emissions at the water—air
interface primarily occur through ebullition when water temperature exceeds 11.7 °C,
while diffusion is the main emission pathway below this threshold [51]. Wu et al. have
demonstrated that combined with nitrogen addition, rainfall has a greater impact on CHy
absorption compared to an increase in precipitation alone [52]. This may be due to the
presence of sufficient nitrogen, which allows for the growth of methanotrophs in more
humid conditions [53].

In addition to biotic factors, CH4 emissions are closely related to abiotic factors such
as the physicochemical properties of reservoir sediments and water, regional climate
characteristics, etc. [2]. The relationship between dissolved CH,4 concentration and fluxes
and environmental factors was shown in the heatmap based on Pearson’s correlation
analysis at p-values below 0.05 (Figure 6). In this study, a significant positive correlation
was observed between the dissolved CHy concentration, diffusion, and ebullition flux.
Conversely, the dissolved CHy concentration and diffusion flux showed a significant
negative correlation with reservoir age, altitude, and water pH, while they exhibited a
significant positive correlation with water temperature. However, the impact of reservoir
area on CHy flux is not significant. This may be attributed to the location of the area
on the Qinghai Plateau, which experiences a plateau semi-arid climate. This results in
lower submerged biomass and organic carbon content in sediments compared to tropical
reservoirs, as well as low water temperature. Additionally, human activities within the
basin are relatively limited. These factors collectively contribute to a smaller influence of
catchments on CHy flux. It is important to note that there is a highly significant positive
correlation between the altitude and age of the cascade reservoirs in the upper reaches
of the Yellow River (p < 0.001). Previous studies have shown that a gradual decrease in
atmospheric pressure and temperature can result in a significant increase in CHy fluxes
with increasing altitude in aquatic ecosystems [16]. However, it is important to note that
this study did not find any significant impact of altitude on CHy ebullition flux. This could
be due to the construction of cascade reservoirs along the upper reaches of the Yellow
River, which were built successively from upstream to downstream, leading to a strong
correlation between reservoir age and altitude (Figure 6). Consequently, the influence of
reservoir age may have overshadowed the effect of altitude on CH,4 ebullition flux [54].
Alternatively, insignificant differences in altitude gradients within this study may also
account for these findings. In this study, there is only a fall of approximately 800 m between
the upstream and downstream reservoirs.

5. Conclusions

In recent years, there has been a significant focus on greenhouse gas emissions from
hydropower reservoirs. With ongoing global changes, the uncertainty of greenhouse gas
emissions from the Qinghai Plateau reservoirs, characterized by warming and increased
humidity, has notably increased. In 2023, a comprehensive sampling effort was conducted
at nine cascade reservoirs to evaluate CH, emissions from these reservoirs. This study
examined the spatiotemporal patterns of CHy emissions in the densely dammed upper
Yellow River, including dissolved concentration, ebullition, and diffusion fluxes. The main
conclusions are as follows:

(1) The cascade reservoirs in the upper reaches of the Yellow River are a significant
source of CHy emissions. Although located in an alpine region, their CH4 emissions cannot
be ignored, especially due to the high contribution of their ebullition fluxes. There is evident
spatiotemporal heterogeneity in both dissolved CHy4 concentration and fluxes. Temporally,
the diffusion flux of CHy is higher in the wet season compared to the dry season, while
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the ebullition flux is higher in the dry season. Spatially, there is an increasing trend in both
dissolved CHy concentration and fluxes from upstream to downstream.

(2) The abundance of the mcrA gene in the sediment of the cascade reservoirs in the
upper Yellow River ranged from 6.29 x 10° to 1.38 x 10° copies g~!, while the pmoA gene
abundance ranged from 4.99 x 10* to 1.22 x 10° copies g™!. Both mcrA and pmoA gene
abundances were higher in the wet season compared to the dry season. Spatial differences
were observed in the mcrA gene abundance, but no significant temporal variations were
found. In contrast, the pmoA gene abundance exhibited significant temporal variations but
not spatial differences.

(3) CH4 emissions from cascade reservoirs are influenced by various factors, including
the self-characteristics of the reservoirs, such as reservoir age and area; nutrient elements,
such as total nitrogen and total phosphorus; and the abundance of methane-related func-
tional genes. Among these factors, the ratio of the mcrA/pmoA genes explains 35.16% of
the variation in CHy ebullition flux, while the water N/, reservoir age, and reservoir area
explain 23.67%, 20.87%, and 8.39%, respectively.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/w16182565/s1. Figure S1: Physicochemical properties of reservoir
water at each site along the upper Yellow River; Figure S2: Physicochemical properties of reservoir
sediments at each site along the upper Yellow River; Table S1: Reservoir information.
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