
1.  Introduction
Freshwater aquatic ecosystems are a relevant source of atmospheric methane (CH4), an important greenhouse gas 
contributing 16% to the effective radiative forcing (IPCC, 2021). Manmade reservoirs are estimated to emit 18–24 
TgCH4 per year to the atmosphere, corresponding to 2.2%–3% of anthropogenic sources (Deemer et al., 2016; 
Rosentreter et al., 2021). Nevertheless, the magnitude of methane emissions from reservoirs as well as from other 
inland waters (i.e., rivers, lakes, and wetlands) is still highly uncertain (Saunois et al., 2020).

The damming of rivers is often associated with a change from lotic to lentic ecosystem characteristics, including 
changes in sediment retention, flow velocity, as well as thermal and chemical conditions (Maavara et al., 2017). 
Combined they favor the production of CH4 and its emission to the atmosphere (Maavara et al., 2020). The spatial 
and temporal dynamics of CH4 emission from these aquatic systems have been increasingly investigated with 
the aim to understand and to identify the governing processes. Improved mechanistic understanding is key for 
upscaling of flux measurements in space and time, for making predictions of ongoing and future changes, and to 
develop mitigation strategies together with optimized management strategies.

Abstract  Freshwater reservoirs are globally relevant sources of the greenhouse gas methane. Organic 
matter rich sediments are hot spots of methane production and can store large amounts of methane dissolved 
in porewater and as free gas. Yet, in situ data on the gas storage as free gas (bubbles) in freshwater sediments 
are scarce. Here, an acoustic approach was tested and used to map the gas content in the sediment of a shallow 
temperate reservoir. The sediment gas storage was linked to the methane budget obtained from almost 2 years 
of in situ monitoring. The emission fluxes were dominated by ebullition and degassing at the reservoir outlet, 
which combined accounted for 93% of the total methane emissions. 66% of the ebullition variability was 
explained by a combination of environmental parameters. Mappings of sediment gas content using echo 
sounder surveys revealed the accumulation of free gas in regions of elevated sediment deposition. Temporally, 
the gas storage in the sediment was related to methane emissions, in which a period of intensified emissions 
resulted in a reduction of sediment gas storage. The sediment could store an equivalent of 4 to 13 days of 
accumulated potential methane production, which could supply the mean ebullition flux for more than 2 
months. We suggest that sediment gas storage plays an important role in buffering and modulating methane 
emissions in aquatic systems and need to be accounted for in process-based models.

Plain Language Summary  Methane is a potent greenhouse gas, and it is naturally produced 
in sediments of freshwater aquatic ecosystems. In the sediment, methane is found in dissolved form in the 
porewater, or as free gas (bubbles). It can be emitted to the atmosphere as a diffusive flux across the air-water 
interface, by ebullition flux (gas bubbles rising from the sediment), or by degassing as the water passes through 
turbines or over spillways at the reservoir outflow. Here, we estimated the gas content in the sediment matrix 
of a shallow freshwater reservoir based on acoustic (echo-sounder) measurements. We found that the amount 
of gas stored in the sediment is linked to variations in methane emissions and vice versa. At our study site, 
ebullition and degassing accounted for 93% of the methane emissions from the reservoir. We suggest that the 
sediment storage can affect the fate of methane produced in the sediments and the temporal dynamics of its 
emission to the atmosphere, which is not accounted for in existing mechanistic models.
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In freshwater reservoirs, CH4 is mostly formed during the anaerobic degradation of organic matter (Bastviken, 2009; 
Smith et al., 2003). Deposition zones of sediments being rich in organic matter are hotspots of CH4 production 
(DelSontro et al., 2011; Hilgert et al., 2019; Maeck et al., 2013), while the fate of the produced CH4 is deter-
mined by the prevailing environmental conditions. In the sediment CH4 can be oxidized by bacteria, which can 
consume up to 95% of the methane produced (Bastviken, 2009); CH4 can be transported into the surface water 
by diffusion; If the net CH4 production in the sediment results in dissolved gas pressure exceeding the ambient 
hydrostatic pressure, gas voids can form, from which events of bubble release (ebullition flux) can transport CH4 
out of the sediment matrix. In shallow reservoirs, ebullition fluxes, which bypass CH4 oxidation, can dominate 
the emissions (Bastviken et al., 2004).

The bottom sediment plays an important role for CH4 dynamics in water reservoirs. In addition to its influence 
on the production and transport, the sediment matrix can store CH4 dissolved in the pore water or as free gas. The 
gas void fraction in the sediment has being reported in the range from <1% (Uzhansky et al., 2020) for in situ 
measurements up to 18% under laboratory conditions (Liu et al., 2016). The sediment storage capacity for free 
gas depends on ambient conditions, such as temperature and pressure, and on the mechanical properties of the 
sediment (Liu et al., 2018, 2019).

Recent models for CH4 emissions from wetland have introduced gas storage for predicting ebullition dynamics 
(Peltola et al., 2018). Yet data on gas storage and its spatial and temporal variability in other inland waters are 
scarce. Katsnelson et al. (2017) estimated the gas content in the sediment of lake Kinneret based on measure-
ments of the reflection coefficient of low-frequency sound and found that spatial patterns of sediment reflectance 
coincided with the distribution of organic matter. At the same lake, Uzhansky et al. (2020) showed that the gas 
content in the sediment was lower during periods of higher water level. Martinez and Anderson (2013) measured 
the areal sediment gas content in a eutrophic reservoir and identified it as a driver of ebullition. In a follow-up 
study, Anderson and Martinez (2015) proposed an empirical calibration to estimate the areal gas content based 
on the maximum acoustic backscatter observed in the bottom echo of high-frequency echo-sounders. This cali-
bration curve was also applied to estimate gas content in another aquatic system (Marcon, Sotiri, et al., 2022).

In this study, we estimated the free gas stored in the sediment of a freshwater reservoir in Germany with the 
use of an echo-sounder and the method proposed by Anderson and Martinez (2015), which we validated using 
in situ measurements. For the first time, we relate the sediment gas content to the reservoir CH4 budget, which 
we derived from extensive field measurements of fluxes and potential production rates. Our analysis follows 
three main objectives: (a) to establish a methane budget for a shallow freshwater reservoir; (b) to evaluate the 
spatio-temporal dynamics of methane emissions from the system; and (c) to link the spatial and temporal dynam-
ics of sediment gas storage to the methane budget.

2.  Materials and Methods
2.1.  Study Site and Sampling Overview

This study was conducted in the Wupper-Vorsperre, which is the main pre-dam of the Wupper reservoir. The 
reservoir is located in the western part of Germany (coordinates 51.16°N and 7.33°E). It was built in 1976 
primary for flood control, but it is also used for energy generation, with an installed capacity of 1.25 MW. Reser-
voir pre-dams, also known as check dams, are often built for controlling sediment input (Morris, 2020) and water 
quality (Paul, 2003) in the main reservoir. The Wupper pre-dam (hereafter also referred as reservoir) in which 
our sampling was conducted, has a surface area of 150,000 m 2, an average depth of 2 m, and a maximum depth 
of 5.5 m close to the dam. It has an elongated, curved shape with approximately 2.4 km length from the inflow 
to the dam and an average width of 77 m. The bathymetry clearly shows the location of the talweg of the former 
river course, and a preference of sediment accumulation at the inner curves of the reservoir, similar to sediment 
deposition patterns typically described in rivers bends (Wetzel, 2001), as well as in the shallow upstream regions 
near to the inflow (Figure 1).

The main inflow to the reservoir is the Wupper River. The river discharge is monitored by a gauging station 
approximate 1.5  km upstream of the reservoir entrance (operated by Wupperverband). From March 2020 to 
December 2021, the average daily inflow discharge was 3.3 ± 4.0 m³ s −1 (average ± standard deviation), never-
theless peak discharges exceeding 30 m³ s −1 were recorded in mid March 2020 and mid July 2021 (see Figure 
S1 in Supporting Information S1). In July 2021, a major flood event occurred in the region, causing a significant 
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increase in the water level overflowing the reservoir banks. A wastewater treatment plant (WTP) is located near 
the upper part of the reservoir, with an effluent discharge location upstream of the monitoring site L02.

The monitoring in the reservoir was conducted from March 2020 to November 2021 with a combination of 
continuous sensor measurements and monthly field campaigns. The measurements comprised methane fluxes and 
concentrations, and relevant environmental parameters detailed on the following sections. Data gaps in continu-
ous measurements and in monthly samplings were caused by sensor failure, logistic limitations, or weather and 
hydrological conditions, such as floods.

2.2.  Methane Fluxes

We measured CH4 fluxes by ebullition, diffusive gas exchange at the water surface, advective fluxes with inflows 
and outflows, degassing at the outflow spillway, and ecosystem CH4 oxidation rates. The measurements and 
respective flux calculation are outlined below, and more detailed information are provided in Text S1 in the 
Supporting Information S1.

Gas ebullition was continuously monitored using bubble traps with logging capabilities, which were deployed 
at five monitoring locations (from L01 to L05, see Figure 1). Detailed description of the devices and ebullition 
calculation is provided in Supporting Information (Text S1 in the Supporting Information S1). Depending on 
location, valid ebullition fluxes were recorded for a total of 85 days (at L05) up to 362 days (at L03) for the moni-
toring period from 18 March 2020 to 28 November 2021. At each monitoring site, gas bubbles from the sediment 
were monthly captured and analyzed for the methane fraction within the gas samples, which was used for the 
calculation of the CH4 ebullition fluxes. Daily CH4 ebullition fluxes were obtained for each monitoring site. The 
daily fluxes were then used to obtain the mean and median fluxes at each monitoring site to evaluate its spatial 
distribution. In addition, daily values of spatially averaged fluxes (average of all monitoring sites) were used to 
analyze the temporal dynamics of reservoir-wide ebullition fluxes.

The diffusive CH4 flux at the air-water interface was estimated for 14 months from monthly measured dissolved 
CH4 concentrations in the surface water and by applying the thin boundary layer method. The CH4 diffusive flux 
crossing the air–water interface was calculated from the difference between the dissolved concentration and the 

Figure 1.  Map of the study site, Wupper pre-dam, located in the western region of Germany (see inset map). The location 
of the monitoring sites is marked by symbols indicating the different measuring device deployed and the color shows the 
reservoir bathymetry, see Figure legend.
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atmospheric equilibrium concentration at in situ water temperature, and the gas transfer velocity, which was esti-
mated from wind speed (Liss & Slater, 1974).

The water outflow from the pre-dam to the main reservoir is through a spillway overflow at the dam and from two 
bottom outlets controlled by gates. The passage of water over the spillway enhances the release of the dissolved 
methane to the air (degassing flux). The degassing flux was calculated for 10 months during the monitoring period 
as proposed by Goldenfum (2010), as the product of the difference in dissolved CH4 concentration upstream and 
downstream the dam, and the water discharge. Despite being rather a point source, the degassing flux is normal-
ized by the reservoir surface area to facilitate comparison with other fluxes. The difference between the dissolved 
CH4 exported and imported by water leaving and entering the reservoir was used to calculate a net advective CH4 
flux, which was available for 8 months and also normalized by reservoir surface area.

Lastly the CH4 oxidation rate was estimated as proposed by Sawakuchi et al. (2016). In summary, the fraction of 
CH4 oxidized was calculated by applying the Rayleigh isotopic fractionation model (Langrangian, closed system 
model) using measurements of the isotopic ratios of methane carbon (δ 13C-CH4) in bubbles stirred from the sedi-
ment and in dissolved CH4 in the surface water. The underlying assumption of this method is that the diffusive 
CH4 flux at the water-air interface represents the total dissolved CH4 that escaped oxidation, while the input of 
methane into the water column is the sum of the diffusive flux at the water surface and the fraction of the input 
that is oxidized (Sawakuchi et al., 2016). For further details, see Text S1 in Supporting Information S1. Oxidation 
rates were estimated based on monthly measurements for 13 months of the monitoring period.

2.3.  Sediment Sampling

Sediment cores with 6 cm diameter were sampled at all sites (L01 to L05) in May, July, and September 2020 using 
a gravity corer (Uwitec). The length of the sampled sediment cores varied from ∼32 to ∼42 cm. After retrieval, 
the sediment cores were transported to the laboratory and kept at a temperature of ∼4°C until analysis. In the 
laboratory, the sediment cores were analyzed for dissolved CH4 concentration in the porewater, potential methane 
production (PMP), and organic matter content. An extended explanation of the sampling procedure is provided in 
the Supporting Information (Text S2 in Supporting Information S1).

Sediment porewater was extracted from sediment layers (3 cm vertical spacing at the top 15 cm and at 10 cm spac-
ing for the remaining of the core) using Rhizon tubes inserted into pre-drilled holes, as described by Wilkinson 
et al. (2019). The porewater was transferred to pre-evacuated glass vials, and the dissolved CH4 concentration in 
porewater was calculated from the CH4 headspace concentration measured in the vials. The sediment cores were 
then sliced into 3–10 cm layers in a nitrogen flushed glove box, transferred to 120 ml nitrogen flushed serum 
bottles, and incubated under dark conditions at a constant temperature of 20°C for the estimation of PMP rates in 
the sediment. The volumetric PMP rates from the individual incubated sediment layers of the top 30 cm of each 
core were then vertically integrated to obtain the potential methane flux at the sediment water interface (PSWI) 
in units of mgCH4 m −2 d −1, which was adjusted to in situ sediment temperature (Wilkinson et al., 2015, 2019).

The remaining sediment from each core layer was transferred to falcon tubes, freeze-dried, and stored for meas-
urement of organic matter content. The organic matter content in the sediment was estimated from Loss on Igni-
tion (LOI). In addition to the LOI, the carbon and nitrogen content in the sediment samples were estimated using 
a CHNS (Carbon-Hydrogen-Nitrogen-Sulfur) elemental analyzer (Vario MicroCUBE, Germany).

2.4.  Echo-Sounding and Estimation of Sediment Gas Content

An initial echo-sounding survey for obtaining the reservoir bathymetry was conducted in May 2021 with a GSD 
26 echo-sounder (Garmin) and a Airmar CM599LH transducer with a frequency of 180–210 kHz. Two additional 
surveys with a dual frequency (38 and 200 kHz) single beam echo-sounder (EA400, Kongsberg Inc. 2006) were 
conducted for estimating the amount of free gas (bubbles) in the sediment (sediment gas content). The first survey 
was conducted on July 1st of 2020 and covered the entire pre-dam. The second survey was conducted on June 
11th of 2021 but restricted to the upstream region of the pre-dam (from monitoring site L04 towards the upstream 
site L01, see map at Figure 1 for the monitoring locations) due to logistic reasons.

The areal gas content in the sediment was estimated from the EA400 echo-sounder data following Marcon, 
Sotiri, et al. (2022). The 200 kHz measurements were processed using the Sonar5-Pro software (Lindem Data 
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Acquisition, Oslo, Norway), in which the magnitude of the maximum acoustic backscatter near the sediment 
surface is exported together with its geographic coordinates for each ping (sound pulse). A spatial grid of 5 m by 
5 m was created for the pre-dam and the average maximum backscatter was calculated with the available meas-
urements for each grid cell. Anderson and Martinez (2015), proposed an empirical relationship between the areal 
gas content in the sediment (in L m −2) and the maximum backscatter strength at a frequency of 200 kHz. We 
validated and applied this relationship for mapping the gas content in the sediment of the reservoir.

The calibration equation from Anderson and Martinez (2015) was tested with four in situ measurements in a 
cross-section of the reservoir with water depth varying from 2 to 3.5 m (see Figures S2 and S3 in Supporting 
Information S1). The measurements were conducted on June 17th of 2021. A rope fixed to trees at both banks 
of the cross-section was used to maintain the boat at a fixed position during the measurements. At each location, 
stationary echo-sounder measurements with the EA400 were conducted for 1 min. After these measurements, a 
self-made device was used to capture the gas stored in the sediment by inserting an aluminum cylinder with an 
inner moving mesh (24.5 cm diameter and 35 cm length) into the sediment. The upper 30–39 cm of the sediment 
were mechanically disturbed using the vertically moving mesh, and the volume of gas that was released during 
the disturbance was measured. A detailed description of the cylinder is provided in the Supporting Information 
(Text S3 in Supporting Information S1). A sediment depth of 30 cm was adopted to calculate the volumetric gas 
fraction from the estimated gas content. This sediment thickness was selected based on the vertical profiles of 
potential methane production obtained from incubated sediment cores, as we expect that the largest part of gas 
content in the sediment matrix is from the top productive sediment layer.

2.5.  Auxiliary Measurements

Temperature in the surface sediment was recorded at locations L01, L03, and L05 in 4  hr time intervals by 
temperature loggers (HOBO® loggers). The loggers were attached to the lower side of anchor weights used for 
bubble trap deployments. Water temperature was monitored at depth increments of 0.5 m by thermistors (RBR 
TR-1050) at 1 min time intervals. The thermistor chain was deployed downstream of location L05, closer to 
the dam (Figure 1). Vertical thermal stratification was assessed in terms of the relative water column stability 
(RWCS) also referred to as the relative thermal resistance to mixing (Welch & Naczk, 1992):

RWCS =
𝜌𝜌bottom − 𝜌𝜌surface

𝜌𝜌4◦𝐶𝐶 − 𝜌𝜌5◦𝐶𝐶
,�

in which ρbottom and ρsurface are the water densities at the bottom and at the surface respectively, 𝐴𝐴 𝐴𝐴4◦C and 𝐴𝐴 𝐴𝐴5◦C are 
the water densities at temperatures of 4°C and 5°C. The water density as a function of temperature was calculated 
using the UNESCO equation (Fischer et al., 1979). For RWCS >56.5, the reservoir is considered as stratified, 
RWCS <16.3 indicates a mixed water column, and 16.3 < RWCS <56.5 indicates partial stratification (Branco 
et al., 2009; Gerardo-Nieto et al., 2017).

Dissolved oxygen (DO) concentration was continuously monitored near the bottom (0.3 m above the sediment) 
and near the water surface (0.5 m depth). The oxygen loggers (MiniDot, PME) were deployed near the monitoring 
site L04 and recorded at 5 min intervals. Near the oxygen loggers, an upward-looking Acoustic Doppler Current 
Profiler (ADCP, Nortek AS-Signature 1000) was deployed from August 24th of 2020 to July 13th of 2021 at the 
bottom for recording vertical profiles of flow velocity (from approximately 0.6 m above the sediment to approx-
imately 0.5 m below the water surface). The ADCP recorded vertical profiles of all three velocity components 
with a vertical resolution of 0.2 m and a temporal resolution of 5 min. In addition, the ADCP also recorded 
bottom water temperature and pressure.

Time series of discharge and atmospheric pressure were available for the sampling period from stations main-
tained by the reservoir operator Wupperverband. Inflow discharge was recorded at 20 s time interval by a gauging 
station in the Wupper River, approximately 1.5 km upstream the reservoir. Atmospheric pressure was measured 
at 30 min time intervals by a weather station located 2 km from the reservoir. In addition, a weather station 
(MWS 9-5, Reinhardt System und Messelectronic GmbH) was installed next to the reservoir (approx. 70 m from 
monitoring location L02, see Figure 1 for location) for recording meteorological data at 3 m height above ground. 
Air temperature, barometric pressure, wind direction and velocity, and solar radiation are available from August 
2020  to May 2021 with 15 min resolution.
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3.  Results
3.1.  Reservoir Conditions

The current velocities in the reservoir were correlated with inflow discharge (Spearman correlation rs = 0.82) 
with a mean value of 2.9 ± 2.1 cm s −1 (average ± standard deviation). No significant correlation was found 
between wind velocity and current, nevertheless, periods were observed in which increased variability in the flow 
velocity were observed at high wind speed (see Figure S1 in Supporting Information S1).

The DO concentration near the bottom was found to be similar to the concentration recorded at the water surface 
for most of the monitoring period. For 76% of the time, the difference between surface and bottom DO was 
smaller than 1  mg  L −1, except from February 2021 to July 2021, when the DO concentration at the bottom 
decreased to 0.22 mg L −1 (Figure S1 in Supporting Information S1). On average, the DO concentrations were 
8.7 ± 1.7 mg L −1 and 9.6 ± 1.2 mg L −1 at the bottom and surface, respectively. This weak vertical stratification 
or lack thereof was also observed for the vertical distribution of flow velocity and water temperature and can be 
attributed to the shallow depth of the reservoir.

Top sediment temperature from three different locations along the reservoir was similar and indicated a nearly 
homogeneous longitudinal sediment temperature distribution (Figure S1 in Supporting Information  S1). The 
difference between daily mean sediment temperature at the shallowest (L01) and at the deepest (L05) sampling 
sites was smaller than 1°C during 88% of the time. The maximum sediment temperature of 17.4°C was recorded 
at the deepest monitoring site (location L05) in August 2020, and the lowest temperature of 1.6°C was recorded 
in February 2021 at the shallowest sampling location (L01). The temporal dynamics of sediment temperature 
was similar to that in the overlaying water column. The relative water column stability indicates that the reservoir 
was thermally stratified (RWCS >56.5) for 8% of the monitored period, particularly during the warmer months. 
For 59% of the time, the reservoir was fully mixed (RWCS <16.3), and in the remaining time, the reservoir was 
classified as partially stratified (Figure S1 in Supporting Information S1).

3.2.  Methane in the Sediment: Vertical Profiles and Spatial Distribution of Gas Content

The PMP from incubated sediment samples was generally higher in the top sediment layers and decreased 
towards deeper sediment layers. Most of the methane production occurred within the top 20 cm layer (Figure 2a). 
In deeper, less productive sediment layers, the incubations resulted in near-zero and sometimes slightly negative 
production rates. Although, the sediment preparation and incubation were conducted in a sealed, nitrogen-flushed 
glovebox, any remaining oxygen concentration in the incubation glass vials may have influenced the estimates, 

Figure 2.  (a) Vertical profiles of potential methane production (PMP) in the sediment at the different monitoring locations 
(see legend for explanation of symbols and colors). (b) Vertical profile of PMP combined with the Loss on Ignition (LOI) for 
the sediment samples. Symbols represent the monitoring locations, see legend in (a), and the color shows the LOI range. (c) 
Vertical profiles of dissolved methane concentration in the porewater in the sediment cores. (d) Comparison of carbon content 
(c) and LOI for all sediment samples. The symbol color scales with the distance of the sampling location from the river 
inflow and the solid line is the linear fit C = 0.425 LOI +0.326.
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particularly for low production rates. Furthermore, the closed-loop measurements in the gas analyzer, which have 
been reported to have an uncertainty range of 6%–10% (Wilkinson et al., 2018), could also have contributed to a 
high relative uncertainty in low production rates, including also negative values. Longitudinally, slight variations 
were observed in PMP with higher production rates on the reservoir stretch between sites L02 and L04.

Loss on Ignition (LOI), which was used as a proxy for the distribution of organic matter in the sediment, was 
highest in the top sediment layers with a maximum value of 14.9% measured at monitoring location L04 (L04 
right—Figures 2a and 2b). The carbon content (C) in the sediment had a significant positive correlation with LOI 
(Spearman correlation rs = 0.84 and p = 9.3 × 10 −13). Spatially, both the C content and LOI in the sediment from 
the deeper monitoring site near the dam (L05) was higher than in the upstream locations closer to the river inflow 
(L01 and L02, Figure 2d). Furthermore, the PMP was positively corelated with LOI (rs = 0.3 and p = 0.01), 
nevertheless, no significant correlation was found between PMP and carbon content and PMP and carbon to 
nitrogen ratio (C:N) in the sediment (Figure S4 in Supporting Information S1).

Dissolved CH4 concentration in the pore water slightly increased with increasing depth into the sediment, with the 
lowest values measured in the top 5 cm (Figure 2c). No consistent longitudinal pattern was observed in porewater 
dissolved CH4 concentration.

The content of free gas in the sediment from the manual sampling ranged from 2.5 to 9.2 L m −2, with the lowest 
value found near the reservoir bank in the former riverbed where steeper slopes were found. The data from the 
manual gas volume sampling and maximum acoustic backscatter were at the upper end of the data reported by 
Anderson and Martinez  (2015). A linear regression, between the logarithm of the gas content and maximum 
acoustic backscatter including the data from the published study and our own estimates, had a coefficient of 
determination (R 2) of 0.91, which is comparable to the R 2 = 0.93 obtained by Anderson and Martinez (2015) 
(Figure S3 in Supporting Information S1). By applying the updated calibration curve, spatial maps of gas content 
in the sediment were obtained for both surveys carried out in the reservoir in 2020 and 2021 (Figures 3a and 3b).

The mapping of gas content in 2020 revealed gas accumulation in locations near to the inner regions of the reser-
voir bends and coincided with regions of preferred sediment deposition. Comparing the estimated gas content in 
both surveys, it was found that on average the sediment contained 1.5 ± 2.2 L m −2 gas in 2020, whereas in 2021 

Figure 3.  Sediment gas content estimated from echo-sounder surveys conducted in (a) 11 June 2020 and (b) 1 July 2021, respectively. The solid black line shows 
the outline of the reservoirs and colored symbols show the mean gas content within 5 m by 5 m grid cells along the tracks of echo-sounding surveys. The red arrows 
in (a) point to regions of high gas accumulation. The dashed box shows the region where measurements are available from both years. (c) Scatter plot of gas content 
measurements in individual grid cells made in both years with the dashed black line indicating a 1:1 relationship. (d) Probability of occurrence histograms of estimated 
gas content in the sediment, with colors indicating the year of measurement.
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for the same area, the estimated gas content was 5.1 ± 3.6 L m −2 (see selected areas in Figures 3a and 3b). This 
represents an average CH4 content in free gas of 1.27 gCH4 m −2 and 4.42 gCH4 m −2, respectively, in both years 
(assuming a CH4 fraction of 58% within the free gas). The spatial distribution of sediment gas content differed 
between both surveys (Figures 3c and 3d). Grid cells with the highest gas content in 2020 did not have the high-
est gas content in 2021. In particular, the number of cells with high gas content (up to 10 L m −2) increased in 
2021, indicating gas storage in the sediment in regions where no or less gas was detected in 2020. Longitudinal 
and transversal distribution of gas content in the sediment was analyzed based on the more extensive survey 
conducted in 2020. Longitudinally, the averaged gas content increased towards the dam, and ranged from 0.7 to 
5.8 L m −2 (see Figure S5 in Supporting Information S1). In the transversal direction, the gas content was more 
variable than in the longitudinal direction, especially in the deeper areas, where the gas content ranged from 1.4 
to 11.4 L m −2 within a single cross section.

3.3.  Spatial Variability and Temporal Dynamics of Methane Budget Components

The CH4 fraction within gas bubbles sampled during the monitoring period varied from 39% to 94% with a mean 
value of 58 ± 13%, which was then adopted in this study to calculate CH4 ebullition fluxes and CH4 content in 
the sediment. Temporally averaged ebullition fluxes were highest at the middle location L03 and lower at the 
upstream location L01, near to the dam (L05), and at the left side of location L04 (L04 left) (average ebullition in 
mgCH4 m −2 d −1: L01 = 16.9 < L04 left = 17.6 < L05 = 21.5 < L02 = 39.2 < L04 right = 40.4 < L03 = 45.2). 
Combining the flux measurements from all monitoring sites (see Figure 4b), the range of ebullition fluxes was 
from 0 to 399.8 mgCH4 m −2 d −1, with a mean value of 31.5 ± 45.3 mgCH4 m −2 d −1 and a median flux of 12.6 
mgCH4 m −2 d −1.

The isotopic analysis showed that CH4 in gas bubbles collected near the bottom was consistently more depleted 
in  13C (mean δ 13C-CH4 varied from −65.1‰ to −61.5‰), than in dissolved CH4 in surface water (−57.5‰ to 
−53.8‰). The resulting mean oxidation fraction ranged from 0.23 ± 0.12 at upstream location L01 to 0.38 ± 0.16 
at the deepest location L05 near the dam (Figure S6 in Supporting Information S1). The flux of CH4 presumably 
lost to oxidation (hereafter referred to as the oxidation flux) strongly increased along the reservoir from negligible 
rates (0.6 mgCH4 m −2 d −1) near the inflow (L01), to 5 times higher fluxes (3.2 mgCH4 m −2 d −1) near the dam 
(L05, Figure 4a). No such longitudinal gradient was observed in the diffusive fluxes at the air–water interface. 
The mean diffusive flux was 3.6 ± 2.8 mgCH4 m −2 d −1, about two times higher than the oxidation flux (1.5 ± 1.9 
mgCH4 m −2 d −1) (Figure 4b). Over the monitored period, both diffusion flux and oxidation flux were higher 
during the warmer months (Figure S7 in Supporting Information S1).

Figure 4.  (a) Temporal average of different methane fluxes monitored at the sampling sites along the reservoir. PSWI is the 
potential methane flux at the sediment water interface, calculated as the vertically integrated potential methane production 
rates and corrected to in situ sediment temperature. Different flux components are shown by different color (see legend) and 
the vertical error-bars show flux standard deviation. (b) Boxplots of different flux components for the whole reservoir. The 
horizontal lines inside the boxes are the median values, whereas the mean is showed by the diamond symbol. The upper 
and lower limits of the boxes represent the 75th and 25th percentiles, respectively. The whiskers show the maximum and 
minimum values, and the red crosses are outliers. The inset figure with colored bar plot shows the mean fluxes stacked and 
the gray bar is the average PSWI from the monitoring locations in a linear scale.
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The mean degassing flux at the outflow spillway was 16.2 ± 13.1 mgCH4 m −2 d −1. The largest fluxes were 
measured in 2020 during the warmer months from June to October, when the dissolved CH4 concentration at the 
dam was highest (Figure S8 in Supporting Information S1). During May and June 2021, the water level in the 
main downstream reservoir was above the dam wall due to a flood, and therefore no degassing occurred. After 
June 2021, degassing measurements could not be continued due to access restrictions at the sampling locations.

The reservoir had a net export flux (difference between inflowing and outflowing dissolved load) ranging from ̶ 
4.3 mgCH4 m −2 d −1 to 30.7 mgCH4 m −2 d −1 (mean value 2.7 ± 11.7 mgCH4 m −2 d −1, Figure 4b). The downstream 
export flux was strongly affected by degassing as the dissolved CH4 concentration in the outflow was reduced 
during periods of intensified degassing (Figure S8 in Supporting Information S1). In contrast, when degassing 
was reduced, the net methane export reached 30.7 mgCH4 m −2 d −1.

The PMP was mostly restricted to the top 20 cm of the sediment (Figure 2a). The vertically integrated produc-
tion rates (integrated over the top 30 cm layer) provided an estimate of the potential CH4 flux at the sediment 
water interface (PSWI). The variations of mean PSWI among the monitoring locations were similar to those 
described above for PMP. When extrapolated to the entire reservoir, PSWI was ∼3 times greater than the sum 
of the monitored fluxes (ebullition + diffusion + degassing + oxidation + net export), see Figure 4b. When 
the median fluxes are considered, the difference between the PSWI and the observed methane fluxes increased 
further (median PSWI ∼5 times higher than the sum of median fluxes).

In terms of total CH4 emissions (ebullition + diffusion + degassing), the reservoir emits on average 51.3 mgCH4 
m −2 d −1, in which ebullition had the largest share (61.4%), followed by the degassing (31.6%), and lastly by the 
diffusive flux (7.0%). However, when the median fluxes are considered, the total CH4 fluxes are estimated as 
36.3 mgCH4 m −2 d −1, with degassing being the most important flux contributing with 58.4% to the total emis-
sions, followed by ebullition (34.7%), and diffusion (6.9%). One important aspect of the studied reservoir is the 
presence of the wastewater treatment plant (WTP) with its effluent discharge located upstream of monitoring site 
L02. From our dataset, it was challenging to isolate any specific impact of the WTP discharge on CH4 emissions. 
Dissolved CH4 concentrations, as well as CH4 fluxes, carbon and nitrogen content in the sediment, and PMP 
measured at L02 were not particularly different from the other monitoring sites (see in Figure 4a).

All components of the CH4 budgets showed pronounced seasonal variations (Figure 5). The total emissions were 
lower during the colder months (December to May), which coincides with lower PMP. Over all seasons, PSWI 
and ebullition fluxes were significantly correlated (rs = 0.8). Similarly, a positive correlation was found between 
diffusive and ebullition fluxes (rs = 0.7, see Figure S9 in Supporting Information S1). For the mean fluxes, 
degassing was more important than ebullition during periods when ebullition flux was low, for instance in Janu-
ary 2021 Febul 13.2 mgCH4 m −2 d −1 < Fdeg 20.6 mgCH4 m −2 d −1.

Figure 5.  Seasonal variations of the measured components of the methane budget with monthly resolution. PSWI is the 
potential methane flux at the sediment water interface shown as the gray area at the background. Ebullition, diffusion, 
degassing, and oxidation fluxes are stagged values. The advective fluxes (net export) were for most of the time negative, 
which indicates to accumulation of CH4 in the reservoir or its release to the atmosphere through degassing in the dam. 
Therefore, the next export of CH4 was not included in the stagged values. However, they are shown in Figure S8 in 
Supporting Information S1. The vertical dashed lines indicate the dates when the echo-sound surveys for the estimation of gas 
content in the sediment were conducted.
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3.4.  Methane Budget and CH4 Storage in the Sediment

We compared the CH4 budget components for the two months when the acoustic surveys were conducted (June 
2020 and June 2021) to the estimated sediment gas content for the reservoir region marked in Figure 3 (detailed 
information are summarized in Table 1). The estimated gas volume was converted to CH4 mass using the ideal 
gas law with the locally measured environmental parameters and assuming a fraction of 58% CH4. In June 2020 
and 2021, the average CH4 as free gas in the sediment matrix was 0.7 gCH4 m −2 and 2.6 gCH4 m −2.

For both months (June 2020 and June 2021), similar temperatures were recorded; nevertheless in 2021, the water 
level was 0.5 m higher than in 2020. In terms of the CH4 budget components, all fluxes were higher in 2020, 
resulting in higher total CH4 emissions from the reservoir in that month (93.8 mgCH4 m −2 in June 2020 and 39.1 
mgCH4 m −2 in June 2021).

The ratio of the areal CH4 content as free gas in the sediment and measured fluxes represent mean turnover times 
that are associated with a recharge of the sediment with newly produced gas (PSWI), or by releasing the stored gas 
by ebullition. According to these ratios, the free CH4 gas measured in the sediment matrix represents the cumula-
tive potential CH4 production of 3.8 and 13.4 days and can support 11.7 and 70.9 days of average ebullition flux 
in the 2 years, respectively (Table 1).

3.5.  Temporal Variability of Ebullition

As pointed out above, the ebullition flux was a relevant CH4 emission pathway in the reservoir, which affects the 
gas content in the sediment while also being highly variable in time (Figure 4b). High-resolution (daily) mean 

June 2020 June 2021

Environmental parameters

  Water depth (m) 2.5 3.0

  Patm (kPa) 98.4 ± 0.7 98.8 ± 0.43

  Phydrostatic (kPa) 24.5 29.4

  Bottom sediment temperature (°C) 12.1 ± 0.4 11.9 ± 0.7

Methane fluxes

  PSWI (mgCH4 m −2 d −1) 194.1 ± 54.7 191.3 ± 55.4

  Ebullition (mgCH4 m −2 d −1) 62.7 ± 84.9 36.1 ± 49.3

  Diffusion (mgCH4 m −2 d −1) 5.0 ± 2.1 3.0 ± 0.6

  Degassing (mgCH4 m −2 d −1) 26.1 0.0

  Net-export (advection) (mgCH4 m −2 d −1) −0.9 NA

  Oxidation (mgCH4 m −2 d −1) 2.2 ± 1.9 0.7 ± 0.4

  Total Emissions (mgCH4 m −2 d −1) 93.8 39.1

Free gas in the sediment: echo-sound estimation

  Gas content in the sediment (L m −2) 1.5 ± 2.2 5.1 ± 3.6

  Methane free gas in the sediment (mgCH4 m −2) 735.9 2561.3

Turnover time

  CH4 free gas in the sediment/PSWI (d) 3.8 13.4

  CH4 free gas in the sediment/Ebullition (d) 11.7 70.9

Note. Patm is the mean atmospheric pressure recorded by the weather station installed near the reservoir, Phydrostatic is the mean 
hydrostatic pressure calculated using water depth, PSWI is the potential methane flux at the sediment water interface, and 
total emissions is the sum of ebullition, degassing, and diffusion CH4 fluxes. When available we also provide the values' 
standard deviation. The advective CH4 flux in 2021 was not measured (NA—Not Available). The italic values indicate the 
Total Emissions are the sum of methane ebullitive, diffusive, and degassing fluxes.

Table 1 
Summary of the Environmental Parameters, Measured Methane Fluxes, Estimated Gas Content in the Sediment, and 
Calculated Ratios Between Gas Content in the Sediment and Relevant CH4 Fluxes (Representing Turnover Time Scales) for 
June 2020 and June 2021
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values of spatially averaged ebullition fluxes were further analyzed to investigate the main controls on ebullition 
dynamics. Initially, a correlation matrix with the Spearman rank correlation was calculated for all monitored 
variables (Figure S10 in Supporting Information S1). Ebullition flux had a significant positive correlation (for a 
significance level of 5%) with variables related to temperature (water temperature rs = 0.55, sediment tempera-
ture rs = 0.54) and thermal stratification (RWCS, rs = 0.45). On the other hand, significant negative correlations 
were observed between ebullition and total pressure at the bottom (rs = −0.49), dissolved oxygen concentration at 
bottom (rs = −0.36), current speed (rs = −0.20), atmospheric pressure (rs = −0.24), atmospheric pressure change 
(rs = −0.30), and discharge (rs = −0.22).

A principal component analysis (PCA) was then performed, in which the main aforementioned parameters 
were considered with the data points seasonally grouped (Figure 6a). Seasonally influenced variables (sediment 
temperature, bottom velocity, discharge, and dissolved oxygen), mostly contributed to the first PCA component, 
whereas the pressure related terms (total pressure, atmospheric pressure change, and rainfall) were more aligned 
with the second principal component. Moreover, the approximate angle of 45° of ebullition with the two principal 
components suggests that ebullition is affected by both components.

A decision tree classification model was applied to analyze the relative importance of ebullition predictors, in 
which the input variables were the same as in the PCA. According to the results, the most important predictor for 
variations in daily mean ebullition rates was sediment temperature, followed by relative water column stability 
(RWCS), total pressure, and atmospheric pressure change. Dissolved oxygen concentration at the bottom (DO 
bottom) and rainfall were classified as the least important ebullition predictors (Figure 6b).

Lastly, three statistical models were applied to test whether and how well ebullition variability could be explained 
by variations in the observed environmental variables presented in Figure 6. A multiple linear regression with log 
transformed daily ebullition flux resulted in a R 2 of 0.49 and a stepwise linear regression with log transformed 
daily ebullition flux resulted in a R 2 of 0.47. For the stepwise linear regression, four variables were maintained 
in the model based on the p-value (sediment temperature, DO at bottom, total pressure, and atmospheric pressure 
change). The decision tree model resulted in the best coefficient of determination (R 2 = 0.66) between measured 
and predicted ebullition flux (Figure 7a). The statistical models could well represent the main temporal patterns 
of the measured ebullition flux, nevertheless, the greater ebullition peaks were underestimated by the models 
applied (Figure 7b).

Figure 6.  (a) Results of a Principal Component Analysis (PCA) with the first two principal components. The dots show daily 
values, which were seasonally grouped by different colors (see legend) as: winter (December–February), Spring (March–
May), Summer (June–August), and Autum (September–November). (b) Importance of each variable on the prediction of 
methane ebullition flux from a decision tree model.
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4.  Discussion
4.1.  Spatial Distribution of Methane in the Sediment

The range of PMP rates in the sediment of the reservoir (up to 12.8 mgCH4 L −1 d −1) was lower than the range 
reported for other impoundments in the same region (up to 25.0 mgCH4 L −1 d −1 in Wilkinson et al., 2015) and 
higher than the values reported for a subtropical reservoir in Brazil (up to 6.0 mgCH4 L −1 d −1 in Marcon, Sotiri, 
et al., 2022). The highest PMP rates were measured in the top sediment layers, which had higher organic matter 
content (LOI). This suggests that methanogenesis in the reservoir was fueled by the supply of fresh organic matter 
to the sediment surface, as other studies showed that the input of both terrestrial and phytoplankton organic 
matter  enhances CH4 production (Berberich et al., 2020; Grasset et al., 2021).

Longitudinal variations in PMP were mainly linked to sediment deposition patterns, as in our shallow system 
the sediment temperature was nearly homogenous across the monitoring sites. Reservoir geomorphology and 
sedimentation dynamics are key aspects for methane emission hot-spots in reservoirs (DelSontro et al., 2011; 
Linkhorst et al., 2021). The narrow-elongated shape of the reservoir with one main inflow led to sediment accu-
mulation in the upstream regions near the inflow and in the regions outside the former river Talweg (mostly in the 
inner parts of the reservoir bends), which explains the slightly lower PMP at monitoring sites in the old riverbed 
(L01, L04 left, and L05). The free gas in the sediment estimated from echo-sounder measurements followed 
similar longitudinal patterns. The higher spatial resolution measurements showed preferred accumulation of free 
gas in the inner parts of the reservoir bends (Figure 3a).

The mapping of gas content in the sediment also revealed strong temporal heterogeneity. We expected that the 
amount of free gas in the sediment depends on sediment mechanical properties, and on the sources and sinks 
of methane (i.e., CH4 production and emission pathways). Temporally, we attribute the variability mainly to the 
fluxes transporting methane out of the sediment matrix, which is further discussed in a following section.

The average gas content in the sediment (1.5 ± 2.2 L m −2 in 2020 and 5.1 ± 3.6 L m −2 in 2021) was in the same 
range as the average reported for a subtropical reservoir (4.4 L m −2 and 4.6 L m −2 Marcon, Sotiri, et al., 2022). 
By assuming that the gas content is mainly distributed over the most productive top 30 cm of the sediment, the 
corresponding volumetric gas fraction were 0.5% and 1.7% in 2020 and 2021 respectively. These fractions are 
similar to the fraction estimated for Lake Kinneret (<1% and up to 3.8% Katsnelson et  al.,  2017; Uzhansky 
et al., 2020), and one order of magnitude smaller than the volumetric gas content reported for different sediment 
types under laboratory conditions (Liu et al., 2016). Nevertheless, in this study the depth in which the gas voids 
are distributed could not be derived from our echo-sounder data set, as there is still no well-established direct 
method. In this way the actual gas fraction may differ, depending on how the gas voids are vertically distributed in 
the sediment. Other studies reported the depth distribution of gas voids in various depths of the sediment. Dück, 
Liu, et al. (2019) detected the presence of bubbles starting from 4 cm below the sediment surface in freeze-cores. 

Figure 7.  (a) Comparison of measured and predicted daily mean ebullition flux for three statistical models indicated by 
the different color (see legend for model name and coefficient of determination (R). The black dotted line shows a 1:1 
relationship. (b) Daily fluxes of measured and predicted ebullition fluxes from the three models tested.
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Under laboratory conditions, Liu et al. (2018) observed gas voids in sediment depths smaller than 4 cm, which 
originated from local methane production or vertical migration. For lake Kinneret, Katsnelson et al. (2022) esti-
mated the thickness of the gassy sediment layer to be in the range of 20–40 cm.

We highlight the potential of echo-sounder techniques to remotely access gas distribution in the sediment with-
out disturbing the sediment. Only few studies addressed the gas content in sediment of freshwater ecosystems 
under in situ conditions. Katsnelson et  al.  (2017, 2022) determined the gas fraction and the thickness of the 
gassy sediment layer based on sound velocity, amplitude and frequency analysis of the bottom reflection in lake 
Kinneret. Anderson and Martinez  (2015) proposed a calibration curve for echo-sounder measurements at the 
200 kHz frequency, in which the volumetric gas content per unit area is simply estimated based on the maximum 
backscatter. Our in situ measurements of gas content fitted well to the calibration curve from Anderson and 
Martinez (2015) and were within the upper region of the calibration curve (Figure S3 in Supporting Informa-
tion S1), close to the data points from the Hodges Reservoir studied by the authors. This could indicate that both 
reservoirs have similar sediment properties, but also to the potential of stablishing an extensive procedure for 
measuring in situ sediment gas content in inland waters. The latter is a crucial aspect, as the alternative methods 
currently available depend on extraction of sediment cores combined with x-ray Computed Tomography (x-ray 
CT) scanning (Dück, Lorke, et al., 2019), or ground penetrating radar, which is restricted to shallow freshwater 
(Mustasaar & Comas, 2017).

4.2.  Spatial and Temporal Variations of Methane Budget Components

Considering a CH4 balance for the reservoir we initially hypothesized that the potential methane flux at the sedi-
ment water interface (PSWI, which is the vertically integrated PMP) was in the same order as the sum of CH4 
fluxes, including the oxidation flux. Nevertheless, on a monthly basis, the mean PSWI was a factor of 3 (5 for 
median) greater than all CH4 sinks to the water column combined (ebullition + diffusion + degassing + oxida-
tion + net export). This is contrasting to the findings from Wilkinson et al. (2015) who found comparable PSWI 
to the measured ebullition flux in a similarly shallow (4 m water depth) river impoundment.

The sediment cores sampled had a maximum length of 40.5 cm, which is relatively short compared to other 
studies (e.g., Wilkinson et al., 2015 sampled cores up to 90 cm in length). The shorter length was considered 
because of lower sedimentation rates in the studied reservoir, which received a mean inflow discharge that is one 
order of magnitude smaller than in the river impoundments studied by Wilkinson et al. (2015). Nonetheless, it is 
expected that the deeper sediment layers (beyond 40 cm) would have lower PMP, aligning with the vertical trends 
observed in our sediment cores (Figure 2a) and supported by findings from other studies (Isidorova et al., 2019; 
Wilkinson et al., 2015).

We suggest that the gap in the CH4 budget can be explained by variable sediment gas storage (discussed below), 
as well as a potential underestimation of CH4 oxidation rates. In lakes it has been found that 50%–95% of the 
produced CH4 can be oxidized in the oxic upper sediment layers (Bastviken, 2009), which is high compared to 
the oxidized fraction estimated for the reservoir studied here (0.8 ± 0.6%). For 88% of the monitored period, 
the DO concentrations near the bottom were higher than 7 mg L −1 (Figure S1 in Supporting Information S1) 
and potentially supported a sufficient oxygen flux into the sediment. The sediment-water oxygen fluxes in areas 
of sediment deposition and intense CH4 ebullition in an impounded river of comparable water depth have been 
found to be around 0.5 gO2 m −2 d −1 during low-flow conditions (Lorke et al., 2012). If exclusively used for CH4 
oxidation, this flux can support an oxidation flux of 125 mgCH4 m −2 d −1, which is in the order of the budget gap 
(111.9 ± 38.2 mgCH4 m −2 d −1). Moreover, the average stable carbon isotopic composition of CH4 (δ 13C-CH4, 
see Figure S6 in Supporting Information S1) measured in bubbles collected near the bottom was less depleted in 
comparison to bottom waters of lakes in Sweden (down to −80.6‰ Bastviken et al., 2002) and in gas bubbles 
from bottom sediments in arctic lakes (down to −79.7‰ Walter et al., 2008). The comparably low depletion found 
in bubbles at our study sites suggest that CH4 oxidation in the sediment has caused a change in δ 13C-CH4 in gas 
bubbles, as oxidation of CH4 leads to an increase in the δ 13C-CH4 signature (Bastviken et al., 2002; Sawakuchi 
et al., 2016). These oxidative losses were not accounted for in the oxidation rates estimated from the difference 
of δ 13C-CH4 in bubbles and at the water surface and may have caused severe underestimation of the oxidation 
fluxes. Additionally, the data gaps or limitations in the temporal-spatial resolution of sampling may have affected 
the flux estimates by not capturing hot moments of ebullition, diffusion, or degassing emissions. However, we 
also acknowledged that uncertainties in the estimated PMP and fluxes might have contributed to the imbalance 
in the CH4 budget.
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Consistent longitudinal gradients were detected in diffusive and oxidation CH4 fluxes, in which both increased 
toward the dam (Figure 4a and Figure S7 in Supporting Information S1), probably due to the accumulation of 
dissolved CH4 in the water along the reservoir. In contrast, CH4 ebullition was larger at the monitoring sites 
located at the mid-stretch of the reservoir (from sites L02 to L04) where higher PSWI was also detected (signif-
icant correlation found, rs = 0.79, between Ebullition and PSWI, Figure S9 in Supporting Information S1). The 
effect of the wastewater treatment plant (WTP) discharge on CH4 fluxes could not be disentangled from the 
general longitudinal trends. Nevertheless, we cannot exclude the possibility that WTP discharge influences CH4 
dynamics in water bodies. In smaller streams, Alshboul et al. (2016) observed increased dissolved CH4 concen-
trations from effluent discharge, in which the CH4 concentration had a linear dependence on the organic load of 
the wastewater.

Unfortunately, due to depth restrictions for the deployment of bubble traps, ebullition could not be measured 
at the shallow (water depth <1.0 m) upstream regions of the reservoir, and therefore, these regions had to be 
excluded from the CH4 budget. Temporal variability was found in all measured CH4 budget components. The 
largest fluxes were recorded during the warmer months, which is explained by the exponential dependence of 
CH4 production on temperature (Aben et al., 2017; Wilkinson et al., 2019). The high frequency variation of ebul-
lition flux is analyzed below.

Taking into account the CH4 budget for the entire reservoir, represented on Figure 4b, the total CH4 emissions 
(ebullition + diffusion + degassing) of the reservoir (51.3 mgCH4 m −2 d −1 mean fluxes and 36.3 mgCH4 m −2 d −1 
median fluxes) was 3–5 times lower than the average areal emissions reported for reservoirs worldwide (Deemer 
et al., 2016; Rosentreter et al., 2021). In our study, ebullition and degassing had the main share accounting for 
93% of the total CH4 emissions, contributing respectively to 61.4% (34.7% median fluxes) and 31.6% (58.4% 
median fluxes). Both degassing and ebullition fluxes are variable across different reservoirs. Median degassing 
flux was reported as one order magnitude lower than ebullition flux (Deemer et al., 2016); however, a modeling 
approach showed that for stratified hydropower reservoirs the degassing can be up to four times higher than ebul-
lition (Delwiche et al., 2022). Temporally, considering monthly fluxes, the share of ebullition and degassing to 
the total CH4 emissions was variable. In July 2020 and January 2021, when there was a reduction of ebullition, 
degassing was the dominant CH4 emission pathway.

4.3.  Linking Methane Budget Components to Gas Storage in the Sediment

To the best of our knowledge, this is the first time that temporal variability of in situ gas content in the sediment 
was linked to the CH4 balance in an aquatic ecosystem. The average gas content in the sediment was remarkably 
different between both surveys (by a factor of ∼3.5 between 2020 and 2021). Differences in sediment temperature 
between both years could not explain the change (0.2°C between the years). We hypothesize that the dynamics in 
processes removing CH4 from the reservoir (ebullition + diffusion + oxidation + degassing) lead to a reduction 
of free gas in the sediment matrix. Consequently, the gas storage in the sediment increases when the efflux of 
CH4 is diminished (see Figure 5 and Table 1 for contrasting CH4 fluxes for the two periods when gas content in 
the sediment was estimated).

The ratio between estimated gas content in the sediment and the PSWI revealed that the sediment had stored an 
amount of CH4 potentially produced in ∼4 days in June 2020 up to 13 days in June 2021. The gas stored in the 
sediment for both periods (June 2020 and June 2021), represented 12–71 days of averaged ebullition flux respec-
tively, and therefore, even without production, the sediment could potentially supply gas for the mean ebullition 
flux of more than two months.

The gas storage in the sediment matrix (such as found in June 2021), suggests that temporarily reduced CH4 fluxes 
do not necessarily decrease the reservoir's potential contribution to the CH4 emissions, as the stored gas can later 
be released to the water column, depending on external triggers. The gas retention capacity of the sediment 
matrix can affect the CH4 balance by affecting oxidation and diffusion, which in turn can impact the CH4 content 
in the bubbles leaving the sediment, the sediment mechanical properties (Sills et al., 1991; Wheeler, 1988), and 
the timing of ebullition events. Our findings suggest that the gas storage in the sediment was connected to the 
CH4 fluxes from the reservoir, emphasizing its significance as a component of the CH4 budget and a potential 
contributor to the observed mismatch in the balance of production and emission rates (Table 1). Moreover, it may 
mask the dependence of ebullition on the environmental variables, which are discussed in the following section.
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We suggest that gas storage in the sediment should be considered in modeling approaches of CH4 dynamics and 
emissions from lakes and reservoirs, similar to ebullition models for terrestrial wetlands (Ma et al., 2022; Peltola 
et al., 2018). Sediment gas storage can be described as a buffer with a maximum holdup capacity for gas, which is 
recharged by production and depleted by various outflows (i.e., ebullition, diffusion, and oxidation). In turn, it is 
controlled by sediment properties such as grain size distribution (Jain & Juanes, 2009; Liu et al., 2016), sediment 
bulk density and fracture toughness (Katsman, 2015), and environmental conditions of temperature and pressure. 
Peltola et al. (2018) tested different model approaches for estimating CH4 ebullition from boreal wetlands and 
showed that adding a volume threshold for gas in the sediment led to improved simulation results of ebullition 
fluxes.

In our study, the areal gas content was converted to a volumetric content based on the depth of PMP. In a recent 
study Katsnelson et al. (2022) proposed a method to determine the thickness of the gassy layer of the sediment 
from measurements combining a sound transducer and a hydrophone with sound pulses in the frequency range of 
0.3–3.5 kHz. Nevertheless, obtaining in situ vertical distribution of gassy sediment layers is still an open issue.

4.4.  Controls on Methane Ebullition and Temporal Dynamics

Since ebullition flux serves as the primary pathway for CH4 outflow from the sediment, it directly affects the 
dynamics of gas storage in the sediment. The quasi-continuous time-series of ebullition rates measured by auto-
matic bubble traps were used to analyze the drivers of their temporal variations. Principal component analysis 
(PCA) showed that the drivers of ebullition fluxes can be classified into two groups: one related to temperature 
and another linked to pressure. While the sediment temperature enhances ebullition flux due to its relationship 
to methane production (Aben et al., 2017; Wilkinson et al., 2019), the decrease in pressure at the sediment water 
interface can trigger bubble release from the sediment, such pressure reductions can be due to water level oscil-
lations (Maeck et al., 2014) or atmospheric pressure variations (Marcon et al., 2019; Natchimuthu et al., 2016). 
The significance of sediment temperature, relative water column stability (RWCS), total pressure, and pressure 
change in explaining the temporal variability of ebullition was further confirmed by a decision tree model. These 
parameters were found to be most important for explaining the observed variability of ebullition compared to the 
other environmental variables.

We observed intensified ebullition during periods of more stable density stratification (higher RWCS). Density 
stratification attenuates the vertical transport and the exchange of gases and substances through the water column 
(Guseva et  al.,  2020; Vachon et  al.,  2019). The increased CH4 concentration in the water column leads to a 
reduction of CH4 diffusion from the sediment (Langenegger et al., 2019) and increased oxidation rates (Vachon 
et al., 2019; Zimmermann et al., 2021). In the case of the pre-dam, the RWCS was controlled by temperature, 
but also affected by the inflow discharge (see Figure S10 in Supporting Information S1—RWCS was negatively 
correlated to discharge). Higher discharge from the inflow river led to an increase in the current velocity, which 
contributes to water column mixing.

The tested regressions and decision tree models could explain 47%–66% of ebullition variability with a better 
performance of the decision tree model (Figure 7a). This better performance of the decision tree can be mostly 
attributed to the model's capability of considering non-linear relationships between the variables. Using a multi-
ple regression model, DelSontro et al. (2016) explained 52% of ebullition variability from different ponds and 
lakes based on sediment temperature and total phosphorous. Whereas for a larger data set of different reservoirs, 
Prairie et al. (2021) predicted ebullition flux as a function of reservoir littoral area and global horizontal radiance 
explaining 26% of its variability. Our results suggest that the inclusion of other parameters such as atmospheric 
pressure and water column stability can improve the prediction of ebullition even further.

5.  Conclusions
Based on extensive field monitoring, we analyzed the CH4 budget of a small and shallow temperate reservoir. 
From the vertical profiles of PMP and LOI, we showed that the top organic matter rich sediment layers had the 
greatest PMP. A large gap between potential methane fluxes at the sediment water interface (PSWI) and measured 
fluxes was identified, which could be caused by a combination of factors including sediment gas storage and the 
underestimated CH4 oxidation in the sediment.

Longitudinally, diffusive and oxidation CH4 fluxes strongly increased towards the dam, whereas ebullition was 
larger at the mid-stretch of the reservoir at locations with higher PMP.  Considering the total CH4 emissions 
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from the reservoir, ebullition and degassing accounted for 93% of the emissions. The relative share of each flux 
to the emissions varied with time. The combination of different data analysis methods confirmed the complex 
nature of ebullition and its dependence on several parameters. Sediment temperature, total pressure (hydro-
static + atmospheric), atmospheric pressure change, relative water column stability, and bottom velocity were the 
main controlling factors for the temporal variations in daily ebullition rates. The combination of environmental 
parameters in a decision tree model explained 66% of ebullition variability.

The gas content in the sediment could be estimated from an acoustically derived parameter (maximum backscat-
ter), in which a previously reported empirical relationship was validated and adopted. Gas accumulation of up to 
15 L m  −2 were observed in regions of preferred sediment deposition. The temporal variability of gas content in 
the sediment could be linked to the monitored methane budget components, in which periods of intensified emis-
sions resulted in depletion of the gas stored in the sediment. Nonetheless, when emissions are damped, the sedi-
ment matrix can store the cumulative CH4 production of several days, which in turn can maintain mean ebullition 
fluxes over months. We discussed the possible effect of sediment gas storage on the CH4 budget in the shallow 
lakes and reservoirs and we suggest that its implementation in process-based model can improve predictions of 
CH4 emissions from these aquatic ecosystems.

In addition, we confirmed the potential of echo-sounding to access the gas content in the sediment matrix, which 
contributes to the understanding of methane spatial variability and its temporal dynamics in inland waters. 
However, further investigations and calibrations are still necessary for the application of the echo-sounder for 
different systems and for describing the vertical distribution of gas voids in the sediment matrix.

Data Availability Statement
The data sets of in situ methane fluxes measurements, time series of daily ebullition flux and mean environmen-
tal variables, laboratorial analysis of PMP, dissolved CH4 concentration in porewater, LOI, carbon and nitro-
gen content of sediment samples, and gas content in the sediment for the spatial grid of the reservoir used in 
this study are provided on the repository Zenodo (https://doi.org/10.5281/zenodo.8119001) (Marcon, Schwarz, 
et al., 2022).
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