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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Higher median CH4 fluxes via diffusion 
compared to ebullition at Lake Neusiedl. 

• Acetoclastic methanogenesis is the 
dominant CH4 production type at Lake 
Neusiedl. 

• Highest (mean) CH4 fluxes occur at the 
Reed belt site, irrespective of the 
pathway. 

• In the Reed belt, ebullition contributes 
48 % to the total cumulative CH4 
emission. 

• In the Channel and Open water/Lake lo
cations, ebullition accounts for only 
about 1 %.  

The contribution and dominance of CH4 emissions from the ebullition and the diffusion pathway of a 
shallow subsaline lake was investigated at three representative locations (Channel, Reed belt, Open water/ 
Lake) at Lake Neusiedl.
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A B S T R A C T   

Methane (CH4) emissions via ebullition contribute significantly to greenhouse gas emissions from freshwater 
bodies. According to the literature, the ebullition pathway may even be the most important pathway in some 
cases, particularly in shallow lakes. Ebullition rates are not often estimated because of the high uncertainty 
associated with episodic releases, leading to difficulties in their determination. This study provides an estimate of 
such emissions in a large, shallow, subsaline lake in eastern Austria, Lake Neusiedl, and compares them to the 
diffusion pathway. Ebullition gas sampling was conducted every 5–10 days over a period of 107 days from late 
March to mid-July 2021, using ebullition traps placed in three distinct locations: Reed belt, Channel and Open 
water/Lake. The aim was to study the temporal and spatial heterogeneity of ebullition and its contribution to 
total emissions. At the same time, several water quality and other environmental parameters were measured and 
then tested against the CH4 ebullition rates to explore them as potential drivers for this pathway. The carbon 
isotope fractionation factor (αC) of the measured CH4 ebullition gas, ranging from 1.03 to 1.06, indicates a 
dominance of the acetoclastic methanogenesis in the sediments of Lake Neusiedl, regardless of the location. The 
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Reed belt location showed the highest mean CH4 ebullition rate (17 ± 28 mg CH4 m− 2 d− 1), which is >340-fold 
higher than the mean of the other two locations, and demonstrated also a strong temperature dependency. In all 
locations at Lake Neusiedl, the median CH4 fluxes via diffusion are significantly higher than via ebullition. Our 
analyses do not confirm the dominance of the ebullition pathway in any of the studied locations. Whereas at the 
Reed belt, ebullition accounts for 48 % of the CH4 emissions, in the other two locations, is responsible only for 
about 1 %.   

1. Introduction 

Lakes cover only around 1.8–2.2 % of the earth’s land surface (Pi 
et al., 2022; Messager et al., 2016), nevertheless, they emit yearly on 
average 151 ± 73 Tg (mean ± 95 % CI) of methane (CH4), accounting 
for about 35 % of the total aquatic and about 19 % of the global CH4 
emissions (Rosentreter et al., 2021). Lakes are natural sources of CH4, 
where its production (methanogenesis) occurs mainly in anoxic sedi
ments by methanogenic archaea (methanogens). Globally, more than 
half of all large lakes (53 %, including Lake Neusiedl) have decreased in 
water volume over the last three decades (1992–2020) due to anthro
pogenic and climatic drivers such as higher water consumption or higher 
evaporation rates (Yao et al., 2023). Saline lakes, which represent a 
significant portion of all lakes in terms of both volume (44 %) and area 
(23 %) (Messager et al., 2016), also showed a strong decline (Wurts
baugh et al., 2017). This is particularly concerning since several 
biogeochemical processes that occur within lakes play a fundamental 
role in the global carbon (C) cycle, such as primary production, sedi
mentation and burial, lateral transport, and exchange with the atmo
sphere (Alin and Johnson, 2007). 

CH4 is a powerful greenhouse gas (GHG), with a 96 times higher 
Sustained-Flux Global Warming Potential (SWGWP) than carbon diox
ide (CO2) over a 20-years time horizon on a mass basis (Neubauer and 
Megonigal, 2015). Therefore, it is of major significance to study in detail 
the quantity, frequency and distribution of CH4 fluxes in lake 
ecosystems. 

Methanogenesis can be classified into three different types (also 
referred in the literature as methanogenic pathway) according to the 
main substrate that methanogens consume for CH4 production. These 
types are: acetoclastic (acetate), hydrogenotrophic (hydrogen plus CO2) 
or methylotrophic (methyl-compounds). According to Whiticar (1999), 
the hydrogenotrophic methanogenesis is the dominant metabolism of 
CH4 production in marine ecosystems and the acetoclastic methano
genesis is more relevant in freshwater ecosystems. Methylotrophic 
methanogenesis is widespread in saline environments, but its proportion 
is considered to be lower than the other two methanogenesis types 
because of the smaller amount of substrate available for consumption 
(Conrad, 2020). In consequence, the methylotrophic methanogenesis is 
often neglected in many environmental studies. 

Stable carbon isotopes are used to trace the sources of CH4 produc
tion and its transformation through CH4 oxidation and transportation 
(Conrad, 2005). The carbon isotope fractionation factor (αC, Eq. (4) in 
Section 2.3) determines the degree of isotopic discrimination between 
the reactant (CH4) and product (CO2) molecules (Whiticar et al., 1986) 
and is used to characterize environments based on their dominant 
methanogenesis type and the transformation due to CH4 oxidation. 
Whiticar et al. (1986) showed that αC differs between freshwater and 
marine ecosystems, and that it is related to the major methanogenic 
mechanism. For example, if αC fluctuates between 1.055 and 1.09, 
hydrogenotrophic methanogenesis is considered to be the dominant 
methanogenic mechanism, while αC values between 1.04 and 1.055 
indicate that acetoclastic methanogenesis is the dominant source of CH4 
production. Stable carbon isotopes are further used to detect CH4 
oxidation in lakes (Miller et al., 2022; Bastviken et al., 2002), because 
CH4 oxidation enriches the δ13C-CH4 value (Chanton, 2005). CH4 
oxidation occurs mainly at the anoxic-oxic interface (e.g., water- 
sediment interface) and is carried out by methanotrophic bacteria 

(Conrad, 2009). 
Once produced, CH4 can be transported from the anoxic sediment 

layers to the atmosphere through different pathways, including ebulli
tion (bubble flux released directly and rapidly from sediments), molec
ular diffusion at the water-air or sediment-air interface, and plant- 
mediated transport of vascular plants such as Phragmites australis (But
terbach-Bahl et al., 2011). The relative importance of each transport 
pathway varies according to the organic content, the seasonal variation 
of temperature, and the type and density of vascular plants (Chanton, 
2005), as well as the limnobathymetry and the lake morphology (Li 
et al., 2020). 

Ebullition can become the preferential pathway in certain lakes 
(Aben et al., 2017; Wang et al., 2021a, 2021b; Peeters et al., 2019; 
Bastviken et al., 2011; Sø et al., 2023), but its dominance is still un
certain due to its high temporal and spatial heterogeneity, and the 
consequent difficulty to quantify it accurately (Wik et al., 2016; Saunois 
et al., 2020; Zheng et al., 2022). In global data sets, ebullition was found 
to be the dominant pathway in (freshwater) lakes, ranging from 56 to 80 
% of CH4 emissions, depending on the approach (DelSontro et al., 2018; 
Zheng et al., 2022; Bastviken et al., 2011; Johnson et al., 2022). Espe
cially subsaline lakes (salinity 0.5–3 ‰; Hammer (1986)) have often 
been excluded from global CH4 estimates due to a lack of observations. 
Hence, there is a need for more accurate and continuous CH4 ebullition 
measurements across different lake ecosystems to reduce the uncer
tainty in lake methane budgets (Saunois et al., 2020). 

Bubble formation occurs because CH4 is only slightly soluble in water 
(Yamamoto et al., 1976). Since no reaction with the oxygenated water 
column takes place during ebullition, at least in shallow waters, and the 
methanotrophic region in the sediments is bypassed (Happell et al., 
1994), no isotopic fractionation takes place during ebullition. This im
plies that by measuring the δ13C-CH4 value of the bubbles, conclusions 
can also be drawn about the main CH4 production type in the sediments 
(Chanton, 2005). The bubbles are mainly built up by CH4 and nitrogen 
(N2), whereas other gases like CO2 account for <1 %, and thus, they can 
be considered negligible (Langenegger et al., 2019). 

Diffusion is one of the other pathways of the CH4 flux occurring at the 
sediment-water, water-air or sediment-air interfaces. Diffusion rates are 
regulated by the concentration gradient, the diffusion coefficient, and 
the porosity of soil/sediments (Chanton, 2005). Besides CH4 production, 
variations in the extent of CH4 oxidation appear to be the main factor 
controlling the δ13C-CH4 value of CH4 emitted via diffusion (Happell 
et al., 1994). Peeters et al. (2019) found that in shallow waters, the 
diffusive CH4 fluxes from the upper sediments are the main source of 
dissolved CH4 in lakes and reservoirs, and of diffusive CH4 emissions 
from the water to the atmosphere, rather than CH4 derived from oxic 
methanogenesis in the water column as hypothesized by Bogard et al. 
(2014). Lateral transport can be a possible process causing CH4 reloca
tion from shallow water zones (site of CH4 production) to deeper water 
zones of a lake and, thus, is a main source of diffusive CH4 emissions 
from open water of lakes (Encinas Fernández et al., 2016). Globally, the 
diffusion pathway can account for about 21–25 % of total CH4 emissions 
from (freshwater) lakes (Zheng et al., 2022; DelSontro et al., 2018), from 
which >84 % would be contributed by lakes with an average depth of 
<5 m (Li et al., 2020). 

Until now, ebullition has primarily been studied in freshwater lakes, 
such as thermokarst (Wang et al., 2021b), boreal and subarctic (Schenk 
et al., 2021; Wik et al., 2020, 2014, 2013), northern temperate 
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(Thottathil and Prairie, 2021), tropical (Miller et al., 2022; Linkhorst 
et al., 2020), and small lakes or reservoirs (McClure et al., 2020; Lan
genegger et al., 2019; Sø et al., 2023), as well as in urban inland waters 
(Wang et al., 2021a). However, it has not been comprehensively studied 
in large shallow and subsaline lakes like Lake Neusiedl. Understanding 
ebullition in subsaline lakes is crucial. These ecosystems are often 
shallow (ebullition is restricted to <3 m depth, according to DelSontro 
et al. (2016)) and if they have a salinity between 0.5 and 5 ‰, they can 
have the highest (and most variable) CH4 emissions as known from 
marshes (Poffenbarger et al., 2011). Subsaline lakes are found across the 
globe (from Argentina to Greenland) and are often highly sensitive to 
hydrological and climatic changes (Soja et al., 2013). 

Large lakes (>100 km2) account only for 0.05 % of the total numbers 
of lakes, but cover 59 % of the total lake area (Pi et al., 2022). Therefore, 
it is highly important to improve accuracy in the quantification of CH4 
ebullition rates in such large lake ecosystems for more accurate global 
up-scaling CH4 emission estimates. Lake Neusiedl, the site of our study, 
is one of these lakes. 

Lake Neusiedl has a surface area of around 315 km2 and more than 
half of it is covered by a reed belt dominated by Phragmites australis 
(Wolfram and Herzig, 2013). Due to its unique landscape, it is a cross- 
border UNESCO world heritage site, a National Park, and a wetland of 
international importance (Ramsar site) on the Austrian-Hungarian 
border. Lake Neusiedl is characterized by its subsalinity (Hammer 
(1986); dominating salt: soda), alkalinty (pH > 8, Reif et al. (2022)), 
high inorganic turbidity (Zoboli et al., 2023), moderate eutrophication 
(Tolotti et al., 2021), shallowness (maximum water level of 1.8 m, 
Wolfram and Herzig (2013)), and by no natural outlet. Due to its shal
lowness, the high evapotranspiration rates – caused by strong winds and 
high temperatures – and its dependency on 79 % water input from direct 
precipitation, Lake Neusiedl is highly sensitive to any climatic change 
(Soja et al., 2013). 

First attempts to investigate the CH4 fluxes at Lake Neusiedl were 
conducted by Soja et al. (2014). They measured diffusive CH4 fluxes 
using floating chambers during six sampling days in 2011/2012, and did 
not use a separate methodology for measuring CH4 ebullition. Further
more, they did not include the ebullition pathway in the estimated lake’s 
CH4 budget because of the sporadic release of ebullition. With this 
approach, they found that 2/3 of the up-scaled lake’s diffusive CH4 
fluxes were originated in the reed belt and 1/3 in the pelagic zone. To 
complement these findings, our study focuses on CH4 ebullition rates 
and their significance in comparison to the diffusive CH4 fluxes in three 
representative lake ecosystem types of Lake Neusiedl. 

To enhance comprehension of the spatial and temporal distribution 
of CH4 ebullition, it is essential to identify the sources of CH4 production 
and the factors driving ebullition in various lake ecosystems. This is 
crucial for improving estimates of the CH4 budget, and exceptionally 
important given the particular vulnerability of shallow lakes to the im
pacts of climate variations (Soja et al., 2013; Aben et al., 2017). The 
objectives of this study are to (1) investigate the spatial and temporal 
heterogeneity of CH4 ebullition at the shallow and subsaline Lake 
Neusiedl, (2) determine the carbon source for methanogenesis based on 
isotopic ratios of CH4 from ebullition, (3) explore the drivers of CH4 
ebullition, and (4) compare the ebullition and diffusion pathways in this 
lake ecosystem. Clarification of these points will help answering the 
question whether ebullition or diffusion is more important as CH4 
emission pathway in shallow subsaline lakes, using Lake Neusiedl, a site 
of international importance, as an example. 

2. Methods 

2.1. Study site and setup 

Lake Neusiedl (Fertő, in Hungarian) is the westernmost “steppe” lake 
in Central Europe without natural outlets, and the only existing artificial 
outlet has been closed since April 2015 due to low water levels of the 

lake. The region of Lake Neusiedl holds the status of a transnational 
UNESCO world heritage site due to its diverse and unique (cultural) 
landscape. Lake Neusiedl, located on the Austrian-Hungarian border, is 
a subsaline shallow lake with more than half of its surface covered by a 
reed belt (181 km2, Csaplovics (2019)). The reed belt is a dynamically 
changing mosaic of reed (Phragmites australis), water and sediment 
patches (Buchsteiner et al., 2023), and it is the second largest coherent 
reed ecosystem in Europe, following the Danube Delta. Especially in 
2021, when our ebullition study also took place, intra-annual changes in 
the mosaic of the reed belt were evident due to the sharp decrease in 
water areas and the associated overgrowth of the former water pool 
areas with reeds (Buchsteiner et al., 2023). Our study was conducted on 
the eastern reed belt of Lake Neusiedl, near the Biological Station Illmitz 
in Austria (116 m asl, Lat. 47.769◦ N, Long. 16.758◦ E, see Fig. 1) in the 
“nature (core) zone” of the National Park “Neusiedler See - Seewinkel”. 
The region has a mean annual air temperature of 11.1 ◦C and an annual 
precipitation of 556 mm (1971–2020) (Hackl and Ledolter, 2023). 

Three distinct locations were carefully chosen within the study site, 
which represent the typical lake ecosystem types of Lake Neusiedl: 
Channel (CH), Reed belt (RB) and Open water/Lake (OW). These spe
cific locations were selected to represent the spatial variability over the 
study area and because of their significant differences in water quality 
(see Table 1) and environmental conditions, such as vegetation cover 
and wind influence. CH represents the man-made channels in the reed 
belt, extending from open water to the landward side, often serving as 
waterways from the open lake to harbors and are, therefore, often 
maintained. Their lateral exchange with open lake water varies 
depending on the lake water level, wind direction and wind speed. 
Location RB represents the water pool areas within the reed belt, char
acterized by humic-rich, clear and very shallow water and are (almost) 
not in exchange with lake water. OW represents the open lake water 
area, which, although it is not far from the edge of the reed belt, shares 
similar water levels and water characteristics and experiences high 
turbidity as in the middle of the lake. This area is significantly influenced 
by strong winds and waves and is particularly exposed to the main wind 
direction northwest as well as open to the south, which means that OW 
does not receive shade or wind protection from reeds. 

2.2. Methane measurements 

Field measurements of the study started in spring (30 March 2021) 
and ended in early summer (14 July 2021). This study period was chosen 
to enhance our understanding of CH4-related processes in a reed- 
influenced and subsaline lake ecosystem, during a period of rising 
temperature when reeds start to grow (from dormancy to maturity, see 
Buchsteiner et al. (2023)) and reach their maximum growth (and sub
sequent increment in rhizo-deposition). The focus of this study is on the 
ebullition pathway of CH4, but for comparison purposes the diffusion 
pathway was also measured. Two different methodologies were applied 
for measuring the two CH4 emission pathways and are described in the 
following subsections. 

2.2.1. Ebullition pathway with ebullition traps 
The measurement period for ebullition covered a total of 107 days, 

during which ebullition gas collection frequency ranged between 5 and 
10 days (closure time for the ebullition traps) depending on transport 
and equipment availability. A total of 14 ebullition gas collection days 
were registered over the entire study period (15 weeks in total). 

At each location (CH, RB, OW), three ebullition traps were perma
nently installed for gas collection. These traps were built using a floating 
body-board (approx. 91 cm × 44 cm, Hot Tuna, SportsDirect.com Retail 
Ltd., UK) equipped with three inverted 23.5 cm diameter HDPE funnels 
(Emil Lux GmbH & Co. KG, Wermelskirchen, Germany) pierced through. 
Thus, each location had 9 simultaneous ebullition measurements (fun
nels). Each funnel was topped with a 50 mL PP syringe featuring a luer 
lock connector (Omnifix, B. Braun SE, Melsungen, Germany) and 
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regulated by a three-way stopcock (Discofix, B. Braun SE, Melsungen, 
Germany) to extract emerging gases (as shown in the top-right picture in 
Fig. 1). To install the ebullition traps, ambient air was extracted from the 
funnels and syringes until they were completely filled with water, 
allowing the board to float with the submerged funnels. A temperature 
data logger (HOBO Pendant, Model UA-002-08, Onset Computer Cor
poration, MA, USA) was fixed beneath the board of one trap at each 
location to record water temperature every 30 min. 

To quantify CH4 ebullition rates during closure period, the gas was 
extracted from the funnels of the ebullition traps only when there was 
>1 mL accumulated in the syringe on the collection day. The extracted 
gas was injected in 20 mL vacuumed glass vials (Agilent Technologies, 
Inc., Santa Clara, CA, USA), sealed with grey butyl septa (Machery-Nagel 
GmbH & Co. KG, Düren, Germany) and aluminum crimp caps (Machery- 
Nagel GmbH & Co. KG, Düren, Germany). The filled vials were stored in 
a dry and dark compartment at room temperature until analysis, and the 
storage time was kept as short as possible (from days to a few weeks). 

Dry mole fractions of CH4 and the isotopic signature (δ13C-CH4 and 
δ13C-CO2) of gas samples from the ebullition traps were determined in 
the lab using a gas and isotope analyzer G2201-i, which uses cavity ring- 
down spectroscopy (CRDS; a highly sensitive laser absorption 

technology), connected to a small sample isotope module (SSIM2) 
(Picarro, Inc., Santa Clara, CA, USA), which enables syringe injection of 
small gas sample volumes with measurement repetitions. The instru
ment was calibrated using two certified stable isotope standard gases: 
one gas cylinder of 2 ppm CH4 with δ13C-CH4 of − 45 ± 0.5 ‰ VPDB 
(Vienna Pee Dee Belemnite) and 350 ppm CO2 with δ13C-CO2 of − 10 ±
0.3 ‰ VPDB, and a second gas cylinder of 10 ppm CH4 with δ13C-CH4 of 
− 69 ± 0.5 ‰ VPDB and 1000 ppm CO2 with δ13C-CO2 of − 20 ± 0.3 ‰ 
VPDB (Alphagaz, Air Liquide S.A., Paris, France). 

Dilution of the gas samples from the ebullition traps was necessary in 
cases where CH4 concentrations exceeded the measurement range of the 
instrument or when the volume of sampled gas was not sufficient for 
conducting duplicate measurements of each sample. The latter was 
possible only if the CH4 concentration in the sample was high enough to 
conduct dilution and still be in the measurement range of the instru
ment. For each measurement, a minimum of 15 mL of the (diluted) gas 
sample was injected into the SSIM2 using a syringe. The measuring 
protocol was separated into two groups: samples taken in the RB loca
tion, and samples taken in the OW and CH locations. This was necessary 
because, in most cases, the samples from the RB had much higher CH4 

Fig. 1. Geographic location of the study site and monitoring locations of ebullition traps and floating chambers at the reed belt of Lake Neusiedl, near Illmitz, Austria. 
(Map source: Buchsteiner et al. (2023)). 

Table 1 
Spatial variability of water characteristics at Lake Neusiedl, illustrated using selected water parameters of three representative locations (CH = Channel; RB = Reed 
belt; OW = Open water/Lake) prior to the start of the measurement campaign in mid-March 2021 (WL = water level; Twater = water temperature; DO = dissolved 
oxygen; EC = electrical conductivity; TDN = total dissolved nitrogen; NPOC = dissolved non-purgeable organic carbon).  

Location WL 
[m] 

pH Twater 

[◦C] 
DO 
[%] 

EC 
[mS cm− 1] 

NO−
3 

[mg L− 1] 
NH4

+

[mg L− 1] 
TDN 
[mg L− 1] 

NPOC 
[mg L− 1] 

CH  1.5  8.45  12.1  91.40  2.71  0.91  0.12  2.51  37.04 
RB  0.2  8.38  10.7  95.80  2.86  0.15  0.23  2.67  40.14 
OW  1.5  8.69  5.7  103.50  1.62  0.82  0.28  1.38  16.26  

P.A. Baur et al.                                                                                                                                                                                                                                  



Science of the Total Environment 912 (2024) 169112

5

concentrations than those from the other two locations. When a suffi
cient amount of collected gas (≥12 mL) was available and the concen
trations fell within the measurement specification range guaranteed by 
the Picarro G2201-i instrument (1.8 ppm ≤ CH4 ≤ 500 ppm, for 
simultaneous measurement mode of CO2 and CH4, high precision or 
high dynamic range mode), the sample was directly measured. Other
wise, dilution with N2 gas (6.0, Messer Austria GmbH, Gumpold
skirchen, Austria) was required. Dilutions were performed in 1 L multi- 
layer foil gas bags (Restek Corporation, Bellefonte, PA, USA) using 0.5 L 
and 1 mL acrylic syringes with PTFE luer lock connectors (Hamilton 
Company, Reno, NV, USA) and needles (26G Agani, Terumo Corpora
tion, Japan). 

2.2.2. Diffusion pathway with floating chambers 
To quantify CH4 diffusion rates at each location, in-situ chamber 

measurements were carried out using a floating chamber connected to a 
mobile gas analyzer (Ultra-portable Greenhouse Gas Analyzer (UGGA) 
for CH4, CO2 and H2O, model 915-0011, Los Gatos Research Inc., 
Mountain View, CA, USA) on 9 out of the 14 monitoring days. In the 
remaining weeks, the equipment was not available. The floating 
chamber was made of transparent PVC in a bird-cage-shape with a 
diameter of 30 cm. It was supported by an aluminum collar at its base, 
which was immersed 3 cm into the water. To ensure buoyancy, the collar 
was girded with a foam tube. During measurements, the chamber was 
directly connected to the gas analyzer through two 4 mm inner diameter 
polyurethane tubes (Festo, Esslingen a.N., Germany), one as inlet and 
the other as outlet, which circulated the air between the closed chamber 
and the instrument (through-flow system). CH4 concentrations were 
registered constantly for 4 min and corrected by the H2O (water) con
centrations. Three replicate chamber measurements were taken at each 
location on each monitoring day. The water-corrected dry mole fractions 
of CH4 were used for further analyses. 

2.3. Flux calculations and isotope ratios 

Gas concentrations were transformed into fluxes by converting them 
from ppm to mass per unit volume according to Boguski (2006), and by 
considering collection time and funnel area. The equation used to esti
mate CH4 ebullition fluxes [mg CH4 m− 2 d− 1] was the following, 
adapted from Davidson et al. (2018): 

FEb− CH4 =
cCH4 ⋅Vocc⋅Mm⋅p

R⋅Tc⋅Afun⋅Δt
⋅106⋅1000 (1)  

where FEb− CH4 is the ebullition flux of CH4, and cCH4 is the analyzed CH4 
concentration expressed in ppm. Vocc corresponds to the total volume (in 
L) of occurred gas in the respective syringe from where the gas was 
collected. Afun is the funnel area (0.0434 m2) and Δt is the elapsed time 
in days. Mm is the molar mass of CH4 (16.04 g mol− 1). Tc is the mean air 
temperature inside the chamber during closure time [K], p is the at
mospheric pressure [Pa], and R is the ideal gas constant [kg m2 s− 2 

mol− 1 K− 1]. 
Without considering the gas composition in the bubbles captured 

within the ebullition traps, the bubble flux FBubble [mL m− 2 d− 1] can be a 
better proxy, as suggested by DelSontro et al. (2016), to estimate the 
actual production rate of CH4 bubbles in sediments and is, therefore, 
more appropriate for quantifying their control by environmental 
parameters: 

FBubble =
Vocc

Afun⋅Δt
(2)  

FEb− CH4 may differ from FBubble due to the possibility of diffusion (at the 
gas-water interface) and CH4 oxidation occurring during ebullition trap 
closure time (DelSontro et al., 2016), which cannot be excluded, or due 
to measurement errors during gas collection, dilution or measurement 

with the gas analyzer. 
From the diffusion measurements, the initial 25 % of the floating 

chamber closure time (death band) was excluded from the linear 
regression fit of the temporal change of CH4 concentration inside the 
chamber. This was done to account for the potential artifacts that may 
have occurred during chamber closure at deployment, as described by 
Hoffmann et al. (2017). The diffusion fluxes of CH4 [mg CH4 m− 2 d− 1] 
were calculated with the following equation, adapted from Rochette 
et al. (1997): 

FDiff − CH4 =
S

106⋅
Vc⋅Mm⋅p
Ac⋅R⋅Tc

⋅3600⋅24⋅1000 (3)  

where FDiff − CH4 is the diffusion flux of CH4, S is the calculated slope of 
the linear regression of CH4 concentration change inside the chamber 
over closure time [ppm(v) s− 1], Vc corresponds to the volume of the 
floating chamber (0.0165 m3), and Ac is the chamber area where the gas 
exchange between air and water occurs (0.0707 m2). Only flux data that 
had a coefficient of determination R2 ≥ 0.7 for linear regression were 
used. Therefore, about 23 % of all CH4 diffusion fluxes could not be used 
due to lack of linearity, especially in the OW location. 

The cumulative sums of the diffusion and ebullition rates of CH4 at 
each location were calculated for the entire measurement period of 107 
days to compare the total amount of diffusion and ebullition. 

To estimate the contribution of the major methanogenic type and 
CH4 transformation through oxidation, the carbon isotope fractionation 
factor (αC, unit-less) between δ13C-CO2 [‰ VPDB] and δ13C-CH4 [‰ 
VPDB] was calculated using the following equation (Whiticar and Faber, 
1986): 

αC =
(δ13C − CO2 + 1000)
(δ13C − CH4 + 1000)

(4)  

2.4. Water sampling and in-situ measurements 

To monitor water quality, in-situ parameters were routinely 
measured at the water surface of each location, and water samples were 
collected every 5–10 day throughout the study period (a total of 15 
sampling and measurement dates). The in-situ measurements were 
carried out with a portable multi-parameter meter (WTW, Xylem Ana
lytics Germany Sales GmbH & Co. KG, Weilheim, Germany) connected 
with water temperature (Twater), pH (both Sentix, WTW), electrical 
conductivity (EC) (TetraCon, WTW), dissolved oxygen (DO) and 
oxidation-reduction potential (ORP) sensors. For the lab analysis, water 
was collected from right next to each trap, filtered, and then stored in 
three 20 mL plastic bottles for each sample. This approach ensured that 
separate lab analyses could be conducted for each bottle, minimizing the 
need to thaw the sample multiple times. Filtration of the water samples 
was done in the field, first with a MN 619 G 1/4 ∅ 125 mm phosphate- 
free filter paper (Machery & Nagel GmbH & Co. KG, Düren, Germany) 
due to the high turbidity of the samples at OW and CH, and second, with 
a 0.45 μm nylon syringe filter to get the dissolved part of the compounds. 
The plastic bottles with the filtered water samples were transported to 
the lab in a cooling box containing ice packs. At the end of the sampling 
day, the samples were stored in a freezer at − 20 ◦C until analysis 
(Gardolinski et al., 2001; Worsfold et al., 2005). 

2.5. Water analysis 

The water samples were analyzed in the Geoecology lab of the Uni
versity of Vienna. Triplicate measurements were taken from each sample 
in order to analyze the following parameters: nitrate (NO−

3 ), nitrite 
(NO−

2 ), ammonium (NH+
4 ) and orthophosphate (PO3−

4 ). Concentrations 
were determined by colorimetry using a uv-vis spectrometer (Infinite 
200 Pro NanoQuant, Tecan Group Ltd., Männedorf, Switzerland) at 540 
nm for NO−

3 and NO−
2 , and at 660 and 880 nm for NH+

4 and PO3−
4 , 
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respectively. Sulfate (SO2−
4 ) was determined by turbidity using the same 

uv-vis spectrometer at 420 nm. Absorbance values (%) from the uv-vis 
spectrometer analysis were transformed to concentration units using a 
standard curve to create a linear regression. The intercept of the 
regression line was fixed to the average of the blanks, and the R2 of the 
linear regression was always higher than 0.98. The procedures used to 
determine NO−

3 by VCl3 (Vanadium(III) chloride) reduction, NO−
2 , and 

NH+
4 , are a modification of the methods described by Miranda et al. 

(2001) and Kandeler and Gerber (1988), respectively. The procedure 
used for PO3−

4 determination is based on the method described by 
Murphy and Riley (1962), although modified for analysis using micro
titer plates. The procedure used for SO2−

4 determination is based on the 
method described by U.S.EPA (1999). The dissolved part of the non- 
purgeable organic carbon (NPOC), inorganic carbon (DIC) and total 
nitrogen (TDN) were determined from the filtered samples by combus
tion catalytic oxidation using a TOC-L analyzer (with ASI-L and TNM-L, 
Shimadzu Scientific Instruments, Inc., Japan). 

2.6. Additional data 

Biometeorological (Biomet) data were collected from the nearby 
Eddy Covariance flux tower (EC-tower) (47.769150◦ N, 16.758482◦ E), 
at about 50 m from the RB location (see Fig. 1). Variables such as 
photosynthetically active photon flux density (PPFD), incoming and 
outgoing short-wave radiation (SWin, SWout), incoming and outgoing 
long-wave radiation (LWin, LWout), relative humidity (rH), air temper
ature (Tair), air pressure (PA), water vapour pressure deficit (VPD), 
precipitation (rain), wind speed (WS), wind direction (WD), soil water 
content at 5, 10 and 15 cm depth (SWC), soil temperature at 5, 10, and 
15 cm depth (Tsoil), and soil heat flux at 5, 10, and 15 cm depth (SHF) are 
permanently measured in 1 min time interval. Additionally, Tair, rain, 
rH, SWin, WD, water temperature (Twater), and water level (WL) data of 
Lake Neusiedl were taken from the meteorological station of Hydro
graphischer Dienst Burgenland (Bgld). This station is located 50 m away 
from the OW location (47.769996 N, 16.752730 E; see Fig. 1) and has a 
measurement time interval of 30 min. For each closure period of the 
ebullition traps and the floating chambers, the mean and the standard 
deviation (SD) of the environmental variables were calculated to study 
their potential impact on CH4 ebullition and diffusion fluxes. In certain 
cases, variables like temperature were also analyzed for their median, 
minimum, and maximum values. 

2.7. Data processing and statistical analysis 

Data processing and statistical analysis were conducted using R 
(Version 4.2.2, R Core Team (2021)). The R package data.table was 
employed for faster data processing (Dowle and Srinivasan, 2023). For 
visualization of the results, the R packages ggplot2, ggpubr, ggh4x and 
gridExtra were utilized (Wickham, 2016; Kassambara, 2023a; van den 
Brand, 2023; Auguie, 2017). Furthermore, the R packages tidyverse and 
stringi were applied for data manipulation (Wickham et al., 2019; 
Gagolewski, 2022). 

The non-parametric Kruskal-Wallis test was used to assess whether 
the medians of the measured fluxes, emission rates and isotopic values of 
the three location significantly differ. The two-sided Dunn’s post-hoc 
test was applied with the R package rstatix (Kassambara, 2023b) to 
statistically evaluate which locations exhibited significant differences 
from the others (p-values <0.01, Adjustment Holm). The effect size of 
the Dunn’s test (r) was calculated by dividing the absolute z-value by the 
square root of the sample size (N). Following Cohen (1988), an r value 
>0.5 indicates a large effect. 

The temperature dependency of the CH4 ebullition rates at the study 
site was analyzed using the modified Arrhenius equation, according to 
Aben et al. (2017). This equation was fitted through non-linear least 
square regressions (using the R package nlstools by Baty et al. (2015)), 

and all models showed to be statistically significant (p < 0.01). The fitted 
equation includes the modeled CH4 ebullition rate at 20 ◦C (E20) and the 
overall system temperature coefficient (θs, dimensionless). A θs value of, 
for example, 1.11, indicates that a 1 ◦C increase in temperature would 
lead to an 11 % higher ebullition (Wang et al., 2021a). The non-linear 
models were compared with the Kling-Gupta Efficiency (KGE, Gupta 
et al. (2009)) metric to assess the overall agreement with the best-fitting 
model. An ideal match between simulated and observed values corre
spond to a KGE value of 1. To facilitate this analysis, the R package 
hydroGOF by Zambrano-Bigiarini (2020) was employed. Additionally, 
for comparability with other studies, the θs values were converted to 
activation energy (EA) in electron volts (eV) using the conversion 
equations of Wilkinson et al. (2019). Moreover, for calculating the 
confidence intervals for the parameters of the Arrhenius models the R 
package Rmisc (Hope, 2022) was used. 

Potential relationships between CH4 ebullition rates or bubble fluxes 
and environmental parameters (for all locations together, but also 
separately), were tested using Spearman’s rank correlation. This anal
ysis aims to evaluate the strength and direction of monotonic relation
ships between these variables. Correlations were indicated by the 
Spearman rank correlation coefficient ρ, with significance determined at 
p-values <0.01 (Holm’s adjustment). For conducting and visualizing the 
correlation analysis, the R package ggstatsplot (Patil, 2021) was used. 

3. Results 

3.1. Ebullition heterogeneity in space and time 

In this study, 311 quality-checked CH4 ebullition rates were 
measured along the three locations, from which 88 % had ebullition 
rates higher than zero. Zero values were included in the ebullitive CH4 
flux estimates because they represent periods during which no ebullition 
events occurred. Their inclusion ensure that the contribution of the 
ebullition pathway is not overestimated. Ebullition data were only 
excluded, when the CH4 gas measurement with the Picarro instrument 
did not work well or the ebullition trap broke due to harsh conditions 
(too strong winds and waves) and needed repairing. 

CH4 ebullition rates showed temporal and spatial variations. They 
notably increased at the Channel (CH) and Reed belt (RB) locations from 
March to July 2021 (calendar week from 13 to 27; see Fig. 2B). At the 
Open water/Lake (OW) location, variations were observed, although no 
distinct temporal trend was evident. Also, all three locations showed 
high variance of CH4 ebullition rates within each location per week. The 
highest CH4 ebullition rate (109.20 mg CH4 m− 2 d− 1) and the strongest 
increase were, by far, at RB. The median CH4 ebullition rate at RB is 
significantly higher than the median of the CH and OW locations 
(Dunn’s post-hoc test, p < 0.0001 (Holm’s adjustment), effect size r =
0.7; see Fig. 2A). The mean CH4 ebullition rate of the RB location (17.18 
± 28.18 mg CH4 m− 2 d− 1 (± SD)) is >340-fold higher than the mean of 
the other two locations, 0.05 ± 0.13 and 0.04 ± 0.12 mg CH4 m− 2 d− 1 at 
the CH and OW locations, respectively. 

The temporal variation of the bubble fluxes at the CH and RB loca
tions showed the same increasing trend from March to July 2021 as the 
CH4 ebullition rates (compare Fig. S1B to 2B), but unlike the CH4 
ebullition rates, the bubble fluxes at those two locations were nearly in 
the same range. 

3.2. Isotope ratios and fractionation factor of ebullition gas 

The stable carbon isotope ratio of CH4 (δ13C-CH4) was analyzed in 
the lab for all the gas samples collected using the ebullition traps. After 
data quality checking, a total of 274 mean and SD values of δ13C-CH4 
were used for subsequent analysis (see Fig. 3A). The stable carbon 
isotope ratio of CO2 (δ13C-CO2) was also analyzed for all the collected 
ebullition gas samples but could only be measured for the CH and OW 
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locations. Due to the high CH4 concentration in the ebullition gas 
samples from the RB location, high dilution ratios were required (refer 
to Section 2.2.1). As a result, the diluted gas samples fell below the CO2 

measurement range of the instrument, resulting in (almost) no δ13C-CO2 
values available for RB. Both stable carbon isotope ratios of the 
measured ebullition gas samples showed some variances within each 
location per week, and no temporal trend could be observed (see 
Fig. S2A and B). 

The CH location showed a significantly enriched median δ13C-CH4 
compared to the median of the two other locations, RB and OW (Dunn’s 
post-hoc test, p < 0.0001 (Holm’s adjustment), effect sizes r = 0.35 and r 
= 0.45; see Fig. 3A). The median δ13C-CH4 of the OW was slightly more 
depleted than the RB but not significantly (ns, p-values >0.05). The 
median δ13C-CO2 of the CH was significantly more depleted compared to 
that of the OW (p < 0.01, effect size r = 0.36; see Fig. 3B). 

Combining the two stable carbon isotopes (δ13C-CH4 and δ13C-CO2) 
for estimating the carbon fractionation factor, αC, the OW location 
showed a median αC of 1.05, which is significantly higher than the 
median αC of 1.04 of the CH location (p < 0.0001, effect size r = 0.55; 
see Fig. 3C). The αC values of the ebullition pathway ranged from 1.03 to 
1.06 at the CH and OW locations, respectively. Following the meth
anogenic characterization of the measured stable carbon isotope ratios 
according to Whiticar and Faber (1986) (see Fig. 3D), the measured 
stable carbon isotope ratios indicate that the dominant methanogenic 
type for the studied environment, and for our study period, is probably 
the acetoclastic methanogenesis. This plot also suggest that CH4 
oxidation likely occurred more extensively at the CH location compared 
to the OW. 

3.3. Drivers of methane ebullition 

In this study, the drivers of ebullition were addressed in order to 
better understand the temporal variability (due to temperature de
pendency) and the spatial heterogeneity (across different locations) in 
ebullition rates. 

A strong temperature dependency of CH4 ebullition rates was 
observed at the CH and RB locations, and also with any temperature 

parameter such as water, air and soil temperature (see Section S3). 
Meanwhile, at OW, it is likely that factors other than temperature 
exerted a more pronounced influence on CH4 ebullition rates. This is 
indicated by the fact that all non-linear Arrhenius models of the OW 
location had negative KGE values, which show that these models do not 
sufficiently fit the data. For the RB, the best non-linear fitting Arrhenius 
model, with a KGE of 0.35, was with the manually measured mean Twater 
and the CH4 ebullition rate (see Fig. S3B). In contrast, for the CH, the 
best fitting model, with a KGE of 0.285, was with Twater (HOBO) and the 
CH4 ebullition rate (see Fig. S3D). The ebullition rate at 20 ◦C (E20) at 
RB, was in all models >400-fold higher than at CH (see Table S1). At the 
RB location, depending on which temperature was used for the esti
mation, E20 ranged from 12.47 (Twater) to 24.82 mg CH4 m− 2 d− 1 (Tair). 
The E20 rates of the other two locations, CH and OW, were considerably 
lower than RB and ranged between 0.03 and 0.06 mg CH4 m− 2 d− 1, with 
the highest E20 values obtained using Tair. The highest θs (1.33) and EA 
(2.21 eV) were found at CH, using Twater (HOBO). Whereas the location 
with the highest ebullition rates (RB), showed lower EA as CH, except for 
its highest EA (1.47 eV) using Tsoil. 

The Spearman correlation analysis revealed a significant negative 
correlation between the CH4 ebullition rate and both the mean WL of the 
lake (ρ = − 0.68, p < 0.01 (Holm’s adjustment)) and the mean NO−

3 
concentration at surface water (ρ = − 0.48, p < 0.01; see Fig. S4). In 
contrast, CH4 flux via ebullition is positively correlated with other fac
tors: the SD of Twater (ρ = 0.6, p < 0.01), the mean EC of the surface 
water (ρ = 0.72, p < 0.01), and the mean NPOC, TDN and SO2−

4 con
centrations of the surface water (ρ = 0.65, 0.49, 0.5, respectively; all p <
0.01). The influence of the environmental parameters at the three lo
cations at Lake Neusiedl, characterized by distinct water properties, on 
the CH4 ebullition rate is studied in detail by individual correlation 
analysis (see Figs. S5 to S7). 

At the CH location, CH4 ebullition rates exhibited a significant pos
itive correlation with temperature parameters, such as maximum Tair 

and median Twater (ρ = 0.5, 0.53, respectively; all p < 0.01), as well as 
with mean PPFD, VPD and DIC concentration of the surface water (ρ =
0.55, 0.56, 0.43, respectively; all p < 0.01) (see Fig. S5). The ebullition 
rates of the CH were negatively correlated with the mean WL (Bgld) of 

Fig. 2. Methane ebullition rates and their spatial (A) and temporal (B) variability at Lake Neusiedl during the measurement period from March to July 2021 (lo
cations: Channel (CH, grey), Reed belt (RB, brown), and Open water/Lake (OW, blue); black dots (•) showing mean value per location; number under boxplot per 
location in the left graph is mean ± standard deviation (SD); Dunn’s post-hoc test with non-significant (ns, p-values >0.05) or very significant (****, p-values 
<0.0001) differences (Holm’s adjustment); the fitted lines show the local polynomial regressions (loess)). 
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the open water area of Lake Neusiedl (ρ = − 0.39, p < 0.01), which is 
connected to the CH location through a channel. 

At the OW location, the CH4 ebullition rates showed a significant 
negative correlation with physical environmental parameters, such as, 
median and maximum PA, mean WD, and mean WL of Lake Neusiedl (ρ 
= − 0.66, − 0.61, − 0.54, − 0.46, respectively; all p < 0.01) (see Fig. S7). 
Furthermore, CH4 ebullition rates also demonstrated a significant pos
itive correlation with the mean DIC concentration of the surface water (ρ 
= 0.53, p < 0.01). 

In contrast to the other two locations, the RB has the largest number 
of significantly correlated environmental parameters with the CH4 
ebullition rate (see Fig. S6). The CH4 ebullition rates at the RB location 
showed, besides the influence of temperature, a significant negative 
correlation with mean WL, ORP and maximum PA (ρ = − 0.61, − 0.5, 
− 0.44, respectively; all p < 0.01). 

Temporal changes in water parameters were observed at CH, RB and 
OW from late March 2021 to mid-July 2021 and are described in detail 
in Section S6. From calendar week 27 (mid-July), no water level above 

the surface was observed at the RB location, therefore, there are no 
measurements available for this date and the campaign was concluded. 
Surface Twater increased over the measurement period from approx. 9 ◦C 
to around 28 ◦C at CH and OW, and from approx. 10 ◦C to over 30 ◦C at 
RB (see Fig. S10C). In contrast, ORP and WL decreased over the mea
surement period in all three locations (see Fig. S12A and B). 

3.4. Diffusion of methane in space and time 

After data quality checking, a total of 62 CH4-diffusion rates (with R2 

≥ 0.7) of the three locations were used for subsequent analysis, ac
counting for about 77 % of the total measured diffusion rates. The me
dian CH4 diffusion rate at RB was significantly higher compared to the 
median at the CH location (Dunn’s post-hoc test, p < 0.01 (Holm’s 
adjustment), effect size r = 0.5; see Fig. 4A). Whereas the other locations 
were not significantly different from each other’s median. Especially at 
RB and OW, CH4 diffusion rates varied strongly within each location per 
week, and no clear temporal trend of the diffusion rates for the entire 

Fig. 3. Stable carbon isotopes δ13C-CH4 (A) and δ13C-CO2 (B) and their fractionation factor αC (C) measured from the ebullition gas samples in the different lo
cations: Channel (CH, grey), Reed belt (RB, brown) and Open water/Lake (OW, blue) at Lake Neusiedl (black dots (•) showing mean value per location; number 
under boxplot indicating the mean ± standard deviation (SD) per location; Dunn’s post-hoc test with non-significant (ns, p-values >0.05), significant (**, p-values 
<0.01) or very significant (****, p-values <0.0001) differences (Holm’s adjustment)). D: Methanogenic characterization after Whiticar and Faber (1986) using the 
measured δ13C-CH4 - and δ13C-CO2 - pairs. 
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study period was evident at any location (see Fig. 4B). Moreover, for the 
CH4 diffusion flux, no significant correlation with any available envi
ronmental parameter was found. 

3.5. Ebullition vs. diffusion pathways 

The aim of this part of the study was to explore the dominance or 
preference of these pathways within the ecosystem on a daily temporal 
scale and over a certain season (March to July 2021). The ebullition 
pathway of the CH4 fluxes showed, at least at CH and RB, an increasing 
trend from March to July 2021 (see Fig. 2B). In contrast, the diffusion 
rates displayed no distinct trend, regardless of the location (see Fig. 4B). 
Independent of the location, the CH4 ebullition rates had larger variance 
within each location per week than the CH4 diffusion rates. 

The median CH4 diffusion rates were significantly higher than the 
median CH4 ebullition rates in all three locations at Lake Neusiedl, 
especially at CH and OW (Dunn’s post-hoc test, p < 0.0001 (Holm’s 
adjustment), effect size r = 0.66 and 0.55; see Fig. 5). Nevertheless, at 
the RB location, the mean CH4 ebullition rate (17.18 mg CH4 m− 2 d− 1) 
was higher than the mean CH4 diffusion rate (15.84 mg CH4 m− 2 d− 1). 
For both pathways, the RB location showed the highest CH4 fluxes and 
the widest range (see Table S2). 

For a better comparison between the two pathways, ebullition and 
diffusion, the cumulative sums of CH4 fluxes were calculated for each 
ebullition trap or floating chamber at every location. This calculation 
spanned the entire study period. At CH and OW, the median cumulative 
CH4 diffusion rates were significantly higher than the cumulative CH4 
ebullition rates (p < 0.05, effect size r = 0.80), whereas at RB, no 

Fig. 4. Methane diffusion rates and their spatial (A) and temporal (B) variability at Lake Neusiedl during the measurement period from March to July 2021 (lo
cations: Channel (CH, grey), Reed belt (RB, brown), and Open water/Lake (OW, blue); black dots (•) showing mean value per location; number under boxplot per 
location in the left graph is mean ± standard deviation (SD); Dunn’s post-hoc test with non-significant (ns, p-values >0.05) or significant (**, p-values <0.01) 
differences (Holm’s adjustment); the fitted lines show the local polynomial regressions (loess)). 

Fig. 5. Methane ebullition and diffusion rates and their spatial variability at Lake Neusiedl during the measurement period from March to July 2021 (locations: 
Channel (CH, grey), Reed belt (RB, brown), and Open water/Lake (OW, blue); black dots (•) showing mean value per location; Dunn’s post-hoc test with significant 
(**, p-values <0.01) or very significant (****, p-values <0.0001) differences (Holm’s adjustment)). 
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significant difference was observed in the cumulative CH4 rates between 
the ebullition and diffusion pathways (see Fig. 6A). The median cumu
lative CH4 diffusion rates were not significantly different between the 
locations, neither the cumulative ebullition rates between the CH and 
OW locations. Nevertheless, the cumulative CH4 ebullition rates at RB 
were significantly higher compared to the CH and OW locations (p <
0.001, effect size r = 0.83 and 0.87, respectively). For both pathways, 
the highest mean cumulative CH4 fluxes were found at RB, and, as a 
result, also the highest sum of the cumulative CH4 ebullition and 
diffusion rates (see Fig. 6B). The mean (±SD) share of the ebullition 
pathway on the total cumulative CH4 emissions was 47.8 ± 17.0 % for 
the RB location, whereas for the CH and OW locations, it was 1.2 ± 1.9 
% and 0.7 ± 0.7 %, respectively. 

By far, the highest cumulative sum of the bubble fluxes was found at 
OW (see Fig. 6C), and not at RB location like for the cumulative CH4 
ebullition rates. The median cumulative bubble flux at the OW location 
was significantly higher compared to CH (p < 0.001, effect size r = 0.95) 
and to RB (p < 0.01, effect size r = 0.66). Meanwhile, the lowest mean 
cumulative sum of bubble fluxes was found at CH. 

4. Discussion 

4.1. Ebullition heterogeneity in space and time 

This study explored the occurrences and CH4 ebullition rates across 
three representative locations of Lake Neusiedl, continuously from late 
March to mid-July 2021. The location within the reed belt of Lake 
Neusiedl (RB) exhibited, by far, the highest CH4 ebullition rates over the 
entire measurement period. One explanation for the elevated CH4 
ebullition rates at RB in comparison to the other two locations, may be 

the greater availability of organic matter, including both fresh and old 
reed biomass, along with higher NPOC concentrations in the RB area. 
This can be assumed by the fact that RB, in contrast to the other two 
locations, shows a significant positive correlation between NPOC and 
ebullition rate (see Fig. S6 in contrast to Figs. S5 and S7). Another 
contributing factor might be the lower water levels at the RB site, 
leading to enhanced methanogenesis within the sediments due to 
elevated sediment temperatures compared to the other locations. This 
relationship can be confirmed by a significant negative correlation be
tween water level and Tsoil at the RB location (see Fig. S6). 

The increasing trend in CH4 emission rates, particularly at the RB site 
(but also at the CH site) from March to July 2021 (see Fig. 2B), can be 
attributed to the seasonal pattern of influencing factors such as tem
perature and is therefore discussed in more detail in Section 4.3. 

Although the mean and median CH4 ebullition rates at CH and OW 
were not significantly different from each other, their temporal pattern 
over the measurement period varied. This disparity could be potentially 
attributed to distinct factors driving the release of bubbles, and perhaps 
with lesser influence, due to the different CH4 production rates. This is 
shown by the fact that in OW the ebullition rate is influenced more by 
physical parameters (wind direction and air pressure), whereas in CH 
the temperature plays a major role (compare Fig. S7 with S5). The dif
ferences between the locations could also be explained by considering 
that the produced CH4 has been oxidized more strongly. Although 
ebullition is characterized for rapid release from the sediments to the 
atmosphere, allowing little to no reaction within the water column to 
occur, it cannot be completely ruled out. In addition, it should be noted 
that both CH and OW locations have consistently higher water levels 
than RB, and thus, a larger water column for interaction opportunities. 
Nevertheless, if CH4 oxidation occurs, it is more likely to happen in the 

Fig. 6. Cumulative sums of CH4 ebullition and diffusion rates (A), total CH4 emission rates (B), and bubble fluxes (C) for the entire measurement period of 107 days, 
separated by the three locations: Channel (CH, grey), Reed belt (RB, brown), and Open water/Lake (OW, blue). Black dots (•) showing the replicated measurements 
per location; colored bar indicates the mean value of the replicates per location; error bar presents the 95% confidence interval (CI) of the replicates per location; 
Wilcoxon signed-rank test with non-significant (ns, p > 0.05), significant (*, p-values <0.05), (**, p-values <0.01) or (***, p < 0.001) differences 
(Holm’s adjustment). 
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upper sediments rather than in the water column, if it occurs at all. We 
assumed this because in our study we did not find any correlation be
tween the ebullition rate and the DO values in the water column. 

Whereas the CH4 ebullition rates showed strong differences between 
RB and the other two locations, the mean bubble flux showed no sig
nificant differences among any of the locations. This might be due to the 
reduction of CH4 concentration in the trapped bubbles during the 
closure time due to diffusion (at the gas-water interface) or CH4 
oxidation. If this factor indeed had an impact, its magnitude would likely 
differ between the locations, resulting in different rates. Nonetheless, it 
is more likely that varying levels of CH4 production in the sediments 
between the three locations explain the strong differences in ebullition 
rates. The OW location, which showed the highest bubble fluxes, ex
periences the strongest wind and wave influences, potentially triggering 
more frequent bubble release with distinct volumes and possibly lower 
concentrations compared to the other locations. This assumption can be 
confirmed by the fact that in OW, the bubble flux shows a significant 
positive correlation with the wind speed in contrast to the ebullition rate 
(see Fig. S7). Perhaps these wind and wave conditions also explain why 
the OW location showed an almost 3-fold higher mean and 5-fold higher 
maximum bubble flux compared to Canadian lakes (DelSontro et al., 
2016), which share similar shallow conditions to Lake Neusiedl, but may 
not experience such strong winds and waves. However, the extent of this 
effect requires further investigation. 

Soja et al. (2014) estimated ebullitive CH4 emissions at Lake Neu
siedl using the same measurements they utilized for estimating CH4 
diffusion flux on six distinct days between 2011 and 2012. They did not 
employ a separate methodology such as ebullition traps. The authors 
used the CH4 concentration leaps (if they occurred) during the 30-min 
closure time of the floating chambers as a basis to calculate the ebulli
tive flux. Using this method, Soja et al. (2014) observed ebullition only 
in 40 % of the chamber measurements. In contrast, our study conducted 
at Lake Neusiedl involves continuous measurements of ebullition rates, 
documenting ebullition occurrences in 88 % of all observations. This 
suggests that measurements with ebullition traps offers a more 
comprehensive coverage of the spatial and temporal heterogeneity of 
ebullition compared to non-separate measurements using floating 
chambers. Furthermore, Soja et al. (2014) do not provide average 
ebullition rates, though most of their reported ebullition rates seem to be 
higher than our values. 

Among the very few studies related to ebullition in subsaline lakes, 
Aguirrezabala-Campano et al. (2019) did not detected ebullition in 
subsaline ponds in Spain during a total of 40 h of continuous CH4 
measurement. The reason for this is not entirely clear, but one possibility 
could be that the short measurement period did not capture the sporadic 
release of ebullition bubbles. To avoid this possibility, we used longer 
closure time of ebullition traps (5–10 days) in our study. A study by 
Wang et al. (2021b) with potentially two subsaline lake sites (thermo
karst lakes with conductivity values >1 mS cm− 1) found a negative 
correlation of the ebullition rate with salinity and therefore the lake site 
with lower conductivity showed the highest mean ebullition rate (27 mg 
CH4 m− 2 d− 1). In our study, however, it was the other way around, we 
found a positive correlation between ebullition rate and conductivity 
(see Fig. S4), because the location with the highest conductivity in the 
water (RB) showed the highest ebullition rates. At Lake Neusiedl, the 
rising conductivity values in the water of all three locations can be 
probably explained by the increasing concentration of salt due to the 
decline in water levels from March to July 2021 and the general dif
ferences of the water levels between the locations (see Figs. S10B and 
S12B). The increasing concentration of salt may occur less in sediments 
than in the water column and therefore might not significantly 
contribute to the different CH4 production rates between locations. 
Furthermore, Poffenbarger et al. (2011) confirmed that CH4 emissions 
(from tidal marshes) decrease with increasing salinity, but only poly
haline systems (salinity >18 ‰) showed significantly lower CH4 

emissions. However, oligohaline marshes (salinity 0.5–5 ‰), which are 
comparable to subsaline lakes due to their salinity, have the most vari
able and significantly higher CH4 emissions than other saline or fresh
water systems (Poffenbarger et al., 2011). The high variability of CH4 
emissions from a subsaline lake can be confirmed with this study (see 
Table S2). 

Because there is hardly any published CH4 ebullition study of sub
saline lakes, a comparison with other (shallow) lakes is made. On 
average, CH and OW had very low CH4 ebullition rates compared to RB 
(see Table S2), to the global mean ebullition rate of freshwater lakes 
(40.1 mg CH4 m− 2 d− 1; Zheng et al. (2022)), and to other related studies 
(Aben et al., 2017; Bogard et al., 2014; DelSontro et al., 2016; Bastviken 
et al., 2008). For example, the mean ebullition rates observed in OW or 
CH are 100-fold smaller than the mean ebullition rate from the small 
shallow lake Hummingbird, which is the lake with the lowest mean 
ebullition rate in the study of Bastviken et al. (2008). In contrast, the 
mean CH4 ebullition rate at RB in our study is around 1.8-fold higher 
than the average ebullition flux recorded in the small shallow Lake 
Jacques during the dry summer of 2012, as reported by Bartosiewicz 
et al. (2015). Whereas the mean ebullition rate at RB is almost in the 
same range as the average ebullition rate of three Canadian lakes (17.6 
mg CH4 m− 2 d− 1), where ebullition only occurred in water levels <3 m 
(DelSontro et al., 2016). A possible explanation for this discrepancy 
could be that the salinity and sulfate concentration at Lake Neusiedl 
might have reduced or somewhat suppressed CH4 production, conse
quently leading to lower CH4 emission rates in comparison to Lake 
Hummingbird, the global mean ebullition rate of Zheng et al. (2022), 
and other studies. Although most of these studies are from northern and 
small shallow lakes, which have different climatic and lake character
istics compared to our studied temperate, large, shallow and subsaline 
Lake Neusiedl, the RB location still has similar ebullition rates to some 
lakes. Presumably, the lower ebullition rate, especially in the OW 
location, can be better explained by the lower availability of substrate 
for CH4 production. 

In subsaline lakes, such as Lake Neusiedl, where salinities of 10–15 
‰ (Wang et al., 2017) are not reached, sulfate reduction and CH4 pro
duction are processes that most likely occur at the same time and next to 
each other, allowing sulfate-reducing bacteria and methanogens to 
coexist and compete (Rosentreter et al., 2021). The ability of sulfate- 
reducing bacteria to outcompete methanogenic bacteria is well 
known. Lovley and Klug (1983) reported this process to occur even at 
freshwater sulfate concentrations. More recently, Kleint et al. (2021) 
reported CH4 to be consumed via sulfate in sulfate–methane transition 
zones that have been observed for a few specific freshwater environ
ments only. We did not examine these transition zones in the spatial 
resolution required to clearly detect them. Nevertheless, it appears 
reasonable that a gradient in the redoxcline found in a freshwater lake 
(Lake Willersinnweiher) by Kleint et al. (2021), can be also found in a 
subsaline environment such as Lake Neusiedl. Although, the δ13C-CH4 
values that we encountered are more depleted than the ones determined 
in Lake Willersinnweiher around the redoxcline. 

Ebullition rates are rarely determined continuously, they are rather 
estimated as a side product of diffusion measurements using floating 
chambers on specific sampling days during daytime (Wang et al., 2021b; 
Linkhorst et al., 2020; Soja et al., 2014; Käki et al., 2001). These short- 
term ebullition measurements probably miss most ebullition events, 
leading to an underestimation of the ebullition pathway (Bastviken 
et al., 2011; Wik et al., 2016). Some studies stir the sediments to arti
ficially release the bubbles (Thottathil and Prairie, 2021; Schenk et al., 
2021; Männistö et al., 2019), which can be used to estimate the original 
CH4 concentration or the isotopic signature of the bubbles within the 
sediments (DelSontro et al., 2016). However, we needed an approach 
that could capture the temporal patterns of ebullition with the naturally 
released bubble size. Therefore, we desist from manually triggering 
ebullition events (unlike Thottathil and Prairie (2021)), as our aim was 
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to investigate the natural ebullition occurrences and their underlying 
drivers, while preserving the integrity of the sediment surface by 
avoiding stirring. Furthermore, we chose to use bubble traps with longer 
closing times (5–10 days as e.g., in McClure et al. (2020); Aben et al. 
(2017)), which proved to be optimal for our study site, ensuring the 
accumulation of the minimum gas volume for extraction at all locations. 
It is important to note that this approach holds its own drawbacks, 
including plausible errors such as the underestimation of ebullition rates 
due to potential exchange between the trapped CH4 and the underlying 
water column or the possible oxidation of the trapped CH4 (DelSontro 
et al., 2016), or potential diffusion from the syringe to the atmosphere 
through the plastic and the stopcock during the closure period of the 
ebullition traps. 

4.2. Isotope ratios and fractionation factors of ebullition gas 

The measured δ13C-CH4 values from this study confirmed the 
biogenic (also called ‘bacterial’ or ‘microbial’) origin of CH4 at Lake 
Neusiedl, according to Whiticar (1999). Both, the δ13C-CH4 and αC 
values obtained in this study can be isotopically classified as indicative 
of CH4 originating from freshwater sediments, in line with the classifi
cation provided by Whiticar and Faber (1986), and discarding a marine 
origin. Only a few αC values were lower than 1.04, probably due to CH4 
oxidation. While Lake Neusiedl is not a marine ecosystem, it should be 
noted that due to its high salinity (2.1–5.2 g L− 1, transformed from EC 
values with the regional constant correction of Boros et al. (2014) due to 
the special salt composition, see Fig. S10B), the lake cannot be longer 
defined as a freshwater system (salinity <1 g L− 1), but is rather classified 
as a subsaline lake according to Hammer (1986). Furthermore, both the 
water column of Lake Neusiedl and the pore water in the upper sedi
ments have high sulfate concentrations, ranging from 250 to 1250 mg 
SO2−

4 L− 1 (see Fig. S9A). These levels are typically found in brackish 
waters or even seawater, which would likely suppress CH4 production. 

Ebullition is recognized for lacking C fractionation, opposed to other 
processes such as diffusion or CH4 oxidation. Therefore, the isotopic 
signature of the ebullition gases could be used as an indicator of the CH4 
source in the sediments. For Lake Neusiedl, this estimate would average 
− 55.6 ± 5.9 ‰ VPDB δ13C-CH4. 

The αC values derived from this study suggest the prevalence of the 
acetoclastic methanogenesis type at CH and OW according to Whiticar 
and Faber (1986) and Thottathil and Prairie (2021). Unfortunately, we 
are unable to provide a statement regarding the αC values at RB, as the 
δ13C-CO2 measurements were not feasible at that location. Nevertheless, 
considering that the δ13C-CH4 values at RB are in the same range as at 
OW, it is likely that they share the same predominant methanogenesis 
type. Also the fact that most organic material is found within the reed 
belt, which serves as main substrate for the dominant acetoclastic CH4 
production, could explain, among other reasons, the significantly higher 
CH4 ebullition rates at the RB location in comparison to the other 
locations. 

Furthermore, our study did not show a shift in methanogenic types 
with depth from acetoclastic (shallow water) to hydrogenotrophic 
methanogenesis (deep water) as in Wik et al. (2020); Thottathil and 
Prairie (2021). One reason could be that Lake Neusiedl is generally too 
shallow and therefore has no deep water zones. A second reason could 
be that the root exudates of the reed influence the entire lake, which is 
why acetoclastic methanogenesis dominates. A third reason could be 
that Lake Neusiedl and its microbial community are different from the 
studies of the northern lakes by Wik et al. (2020); Thottathil and Prairie 
(2021) due to the different climatic (and environmental) conditions. 

At Lake Neusiedl, the acetoclastic methanogenesis was likely domi
nant throughout the entire study period, because δ13C-CH4 and δ13C- 
CO2 showed minor temporal variability (see Fig. S2A and B). This result 
is in contrast to the temporal pattern of the isotopic signature found in 
the study of Thottathil and Prairie (2021), which included a seasonal 

shift from hydrogenotrophic to acetoclastic methanogenesis over the 
season due to the change in substrate supply. The absence of a temporal 
pattern of the isotopic signature in our study could be due to the fact that 
the seasonal shift of methanogenesis types has not yet occurred, as there 
may not have been any relevant change in substrate availability. How
ever, our study at Lake Neusiedl already showed a dominance of ace
toclastic methanogenesis in spring and early summer, which is why a 
shift from hydrogenotrophic to acetoclastic cannot actually occur 
anymore. Nevertheless, acetoclastic methanogenesis seems to be more 
dominant in shallow than deep waters (Wik et al., 2020; Thottathil and 
Prairie, 2021), which we could confirm with this study for at least two 
locations in the shallow Lake Neusiedl. 

Although the two locations, CH and OW, showed both a dominance 
in the diffusion compared to ebullition pathway (see Fig. 5), they 
showed a significant difference in their median δ13C-CH4 values (see 
Fig. 3A). This could be explained by the fact that in diffusion dominated 
systems, the variations in the extent of the CH4 oxidation, besides the 
methanogenesis types, determine the isotopic signature of the emitted 
CH4 (Happell et al., 1994). Whereas in ebullition dominated systems, 
variations in CH4 production mechanisms mainly control δ13C-values of 
emitted CH4 (Happell et al., 1994). 

On average, CH exhibits more enriched δ13C-CH4 values compared to 
the other two locations. This could be attributed to higher CH4 oxidation 
rates at CH, which tend to favor the lighter stable carbon isotope (12C), 
resulting in an enrichment in δ13C-CH4 at this site in comparison to the 
other locations. δ13C-CO2 values were notably more depleted at CH 
(mean δ13C-CO2 of − 14.6 ± 4.7 ‰ VPDB) compared to OW (see Fig. 3B). 
This observation suggests that CH4 oxidation likely occurred more 
intensively at CH compared to OW. Nevertheless, CH4 oxidation at CH 
seems to be noticeably lower than, for instance, in a tropical lake that 
showed δ13C-CO2 values <− 35 ‰ VPDB (Miller et al., 2022). At OW, 
CH4 oxidation probably played a minor role, since the δ13C-CO2 values 
only showed slight depletion compared to atmospheric values. 

The reed plant Phragmites australis is known to enhance aeration in 
certain parts of the rhizosphere through aerenchymatic oxygen (O2) 
transport (Armstrong and Armstrong, 1990), facilitating CH4 oxidation 
in the sediments. Moreover, in wetlands, the acetate production is 
commonly higher within the rhizosphere of vascular plants such as 
P. australis because of organic matter decay and root exudates, which 
favors the acetoclastic type of methanogenesis (Ström et al., 2003, 
2005). The reed not only dominates the vegetation cover in the RB 
location but also surrounds the channels at the CH location. Therefore, 
our results corroborate this notion of Ström et al. (2003, 2005), as αC in 
the CH location is lower than in the OW location (see Fig. 3C and D), 
indicating a higher contribution of acetoclastic methanogenesis. How
ever, a few αC values from the RB location are even lower, beyond this 
range, indicating the occurrence of CH4 oxidation. 

4.3. Drivers of ebullition 

The identified drivers of CH4 ebullition fluxes differ among studies. 
Some studies found a temperature dependency of CH4 ebullition rates, 
resulting indeed in seasonal patterns (Aben et al., 2017; Wang et al., 
2021a; Thottathil and Prairie, 2021). The CH4 ebullition rate may even 
rise by 6–20 % per 1 ◦C global temperature increase (if organic matter is 
not limited), thereby contributing to further global warming (Aben 
et al., 2017). Whereas Wang et al. (2021b) found no clear seasonal 
pattern of CH4 ebullition rates related to temperature changes at ther
mokarst lakes on the Tibetan Plateau. In our study, we can confirm a 
seasonal pattern of ebullition (increasing trend from March to July 
2021) at two of three sites on Lake Neusiedl, showing that even within a 
lake (and not only between lakes) the drivers of ebullition can be 
different. 

According to DelSontro et al. (2016), this temperature dependency of 
ebullition is regulated by the ecosystem’s trophic status (in their case, 
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determined by total phosphorus) and weakens in oligotrophic lakes due 
to limitations in organic substrate availability. In addition, the study 
states that a strong positive interaction between phosphorus and tem
perature controls the predominant emission pathway where ebullition is 
disproportionately boosted. As CH4 production is a function of tem
perature and Lake Neusiedl is eutrophic, we anticipated that ebullition 
rates would increase in all locations due to the persistent increase in 
water temperature, added to the fact of shallow water levels. This 
phenomenon was observed at RB and CH but not at OW. In the RB and 
CH locations, we could observe a temperature dependency of the ebul
lition rates, consistent with the findings of Aben et al. (2017), although 
they excluded saline and brackish waters in their study. However, our 
highest modeled E20 value at RB (24.82 mg CH4 m− 2 d− 1), which rep
resents CH4 ebullition at 20 ◦C, was 10-times lower than the E20 values 
for the most comparable ecosystem (temperate ponds) in the study by 
Aben et al. (2017). These substantial differences could be attributed to 
variations in ecosystem types, nutrient status, organic matter avail
ability, salinity, pH, or differences in the measurement intervals of the 
ebullition traps (24 h vs. 1 week) and associated effects (as mentioned in 
Section 4.1). Nevertheless, the overall system temperature coefficient, 
θs, at RB falls within the same range (1.11–1.22) as that of temperate 
ponds studied by Aben et al. (2017), with only the values at CH being 
higher (1.22–1.33). Especially the range of EA from the CH location 
(1.47–2.21) is higher than the mean ecosystem-level EA estimate of 
0.96 eV in Yvon-Durocher et al. (2014) but still within the upper range 
of ecosystem-level EA estimates (<2.5 eV, Yvon-Durocher et al. (2014)) 
as well as in the range of ponds (1.75 eV, DelSontro et al. (2016)) and 
temperate shallow lakes (1.85 eV, Schmiedeskamp et al. (2021)). Some 
differences could also result from differences in the used equations for 
conversion of θs to EA from Wilkinson et al. (2019). Nevertheless, both, 
the EA and the θs, indicated a high temperature-sensitivity of the ebul
lition pathway and its higher contribution with increasing temperature 
at the CH and RB locations at the shallow subsaline Lake Neusiedl. 
However, the values vary greatly depending on whether one takes soil-, 
water- or air-temperature (see Table S1), which is why comparability 
may only be possible with the same temperature parameter. 

As outlined by DelSontro et al. (2016), the processes influencing CH4 
emissions are more complex than originally thought. CH4 ebullition 
rates not only depend on temperature but are rather regulated by an 
interaction between trophic status (e.g., total phosphorus) and temper
ature. In our study at Lake Neusiedl, we did not identify a correlation 
between the CH4 ebullition rate and PO3−

4 concentrations in the surface 
water. However, we did observe a positive and significant correlation of 
the ebullition rate with the TDN concentrations in the surface water (see 
Fig. S4). In contrast, the nitrate concentration correlated negatively with 
the ebullition rate. This negative relationship, as discussed in Flury et al. 
(2010), can be explained by the possible coupling between CH4 oxida
tion in the water column with denitrification. Similar to the effect of 
temperature increase, enhanced nitrogen availability (through e.g., 
deposition) can also stimulate methanogenesis through higher produc
tion of organic matter, consequently leading to an increase of CH4 
emissions (Flury et al., 2010). 

In their study, Bogard et al. (2014) linked acetoclastic CH4 produc
tion in the oxic water column to algal dynamics, indicated by chloro
phyll a concentration in water. Particularly within the reed belt of Lake 
Neusiedl (CH and RB locations), along the reed stands, we observed 
some algal growth during the study period. On 29 March 2021, the 
average chlorophyll a concentration was <1 μg L− 1 in the RB and CH 
locations, and about 17 μg L− 1 in the OW location. By 28 June 2021, the 
chlorophyll a concentration in the water had increased to about 40 μg 
L− 1 at OW, 56 μg L− 1 at RB, and 80 μg L− 1 at CH. OW exhibited the 
highest increase in chlorophyll a, even though it did not have the highest 
CH4 rates at Lake Neusiedl, unlike RB. Unfortunately, we have not 
continuously measured chlorophyll a in the water throughout the entire 
study period. Thus, the statement of Bogard et al. (2014) cannot be 

confirmed at Lake Neusiedl with the current knowledge. 
In northern temperate lakes, higher CH4 ebullition rates were con

nected with an enrichment in δ13C-CH4 values by supporting the prev
alence of acetoclastic methanogenesis (Thottathil and Prairie, 2021). In 
contrast to Thottathil and Prairie (2021), we found no significant cor
relation between the ebullition rates and the δ13C-CH4 values, despite 
the dominance of acetoclastic methanogenesis. This discrepancy could 
be due to the different lake characteristics and the occurrence of 
P. australis. 

4.4. Diffusion of methane in space and time 

CH4 diffusion is a function of the gradient of CH4 concentrations at 
the water-air interface. This gradient can be influenced by various fac
tors, including wind (and waves), mixing of the water column and the 
solubility of CH4 gas in the water, with the latter being influenced by 
temperature, salinity and pressure. Nevertheless, the primary influ
encing factor for diffusion flux is methanogenesis and its production 
rates. 

In this study, the diffusion pathway was primarily measured for the 
purpose of comparison with the ebullition pathway. In all three loca
tions at Lake Neusiedl, the water temperature increased over time (see 
Fig. S10C), which should have also increased the solubility of CH4 gas in 
water. The salinity of the surface water, which can be estimated with the 
EC value (see Fig. S10B), increased slowly over time at the CH and OW 
locations, but very strongly at the RB location due to the more pro
nounced decrease of the water level. This decrease in water level would 
likely have decreased the solubility of CH4 gas in water. Pressure fluc
tuations at all locations occurred during the study period, which could 
have also altered the solubility of CH4 gas in water, but it would likely 
influence all three locations in a similar matter. Moreover, both the 
maximum and highest mean CH4 diffusion rates were observed at the RB 
location. This could be attributed to several factors, including the higher 
salinity of the surface water, lower water levels, and the influence of 
wind on the water pools inside the reed belt. 

In the OW location, the mean CH4 diffusion rate was approximately 
40 % higher than at CH. These two locations had similar water levels, 
but the DO content in the water was higher at the OW location most of 
the time (see Fig. S11B). Taking into account the strong wind that exists 
at Lake Neusiedl, particularly in open water areas not protected by the 
reed, wind might be regarded as a crucial physical driver for diffusion 
emissions at OW due to its role in water mixing and the transport of new 
air parcels. 

At Lake Neusiedl, Soja et al. (2014) conducted measurements of 
diffusive CH4 fluxes during 2011/2012 with six-month intervals and 
employed long closure periods for the floating chambers (30 min). The 
authors found that high CH4 diffusion rates were observed at water 
channels within the reed belt only in early spring (April 2012), which 
may be attributed to delayed ice melt that resulted in the winter-delayed 
methane diffusion peak. Otherwise, the water channels exhibited CH4 
fluxes approximately two-thirds lower than the rest of the reed belt (Soja 
et al., 2014). In contrast, our study demonstrates that there were no high 
diffusion rates observed during spring 2021, since there was no ice cover 
present at any location. However, the CH4 diffusion rates we obtained in 
the CH location were, on average, up to half lower than those in the 
other two locations (RB and OW). This discrepancy could potentially be 
attributed to the more wind- and wave-protected nature of the CH 
location. In 2011/2012, the diffusion rates at Lake Neusiedl ranged from 
2 to 50 mg CH4 m− 2 d− 1 (Soja et al., 2014), which falls within the same 
range as our observations. However, it is worth noticing that in our case, 
the diffusion rate exceeded the 35 mg CH4 m− 2 d− 1 only once. 

The mean CH4 diffusion rate at OW (12.7 mg CH4 m− 2 d− 1) falls 
within the same range as the global mean diffusion flux from freshwater 
lakes (Zheng et al., 2022) and the average pelagic diffusive flux from 
lake Cromwell (Bogard et al., 2014). Depending on the amount of 

P.A. Baur et al.                                                                                                                                                                                                                                  



Science of the Total Environment 912 (2024) 169112

14

precipitation in summer, a small shallow lake (Bartosiewicz et al., 2015) 
showed a slightly higher mean diffusion flux (dry summer) than our 
study or a lower flux (rainy summer) than two locations in our study. 
Whereas the average diffusion flux of three Canadian lakes (DelSontro 
et al., 2016) is more than twice as large as the highest mean diffusion 
flux (15.8 mg CH4 m− 2 d− 1, RB location) in our study. These differences 
could be explained by the different measurement periods between the 
respective studies (March–July vs. May-Oct) or to the differences in lake 
characteristics. 

In comparison to subsaline ponds in Spain (ranging from 0.12 to 
0.98 mg CH4 m− 2 d− 1; Aguirrezabala-Campano et al. (2019)), the 
diffusive CH4 rates of our study were clearly higher. However, these 
ponds have significantly higher concentrations of sulfate in the water 
(>1.2 g L− 1) than the subsaline Lake Neusiedl, which likely resulted in 
lower CH4 production. 

4.5. Ebullition vs. diffusion pathway 

The ebullition pathway is rarely estimated because of the sporadic 
nature of ebullition episodes and their significant spatial heterogeneity. 
This makes determining ebullition challenging, potentially leading to an 
underestimation of CH4 emissions in shallow lakes. Often, CH4 ebulli
tion rates are compared with CH4 diffusion rates only when bubbles 
occur, omitting the periods of zero ebullition when calculating ebullition 
rates, or even neglecting the CH4 ebullition in the CH4 budget, as in Soja 
et al. (2014). In addition, ebullition rates are sometimes measured with 
very short closure period (minutes-hours) and not continuously. These 
short-term measurements are often up-scaled to estimate ebullition rates 
over longer time periods. However, for a more accurate assessment of 
the significance of CH4 release via bubbles, longer closure periods and 
extended measurement periods are required, ideally covering an entire 
season or even a full year. Omitting instances of zero CH4 ebullition 
rates from the calculation of CH4 emissions might result in an over
estimation of the contribution of the ebullition pathway. In our study, 
we identified instances of zero CH4 ebullition rates in 12 % of the ob
servations (and included them in the ebullition flux estimates), whereas 
Soja et al. (2014) did not observe ebullition in 60 % of their 
measurements. 

Some studies consider the ebullition pathway for CH4 fluxes of lakes 
to be more dominant than the diffusion pathway (Bastviken et al., 2011; 
Aben et al., 2017), or at least to play a significant role (Soja et al., 2014; 
DelSontro et al., 2016). Camacho et al. (2017) studied CH4 emissions, 
included ebullition but not measuring it with distinct methodologies, of 
saline lakes in Spain, having conductivity values higher than 7.2 mS 
cm− 1, which are higher and, therefore, maybe not comparable to con
ductivity values of subsaline lakes such as Lake Neusiedl (see Fig. S10B). 
Nevertheless, their CH4 emission increased by 30–50 % when adding 
ebullition to diffusion. One potential subsaline lake site (conductivity 
1–3 mS cm− 1) in the study of Wang et al. (2021b) showed on average 
slightly lower ebullition contribution (47 %) compared to diffusion, 
whereas all other lake sites had on average a dominance of the ebullition 
pathway. This example confirms that not all lake ecosystems behave in 
the same way and highlights the need for more accurate ebullition 
measurements to better understand and assess these systems. 

Our study demonstrates that, on average and cumulatively, from 
March to July 2021, the diffusion pathway of CH4 flux dominates over 
the ebullition pathway in two out of three locations at Lake Neusiedl 
(OW and CH). In contrast, the RB location at Lake Neusiedl presents a 
more complex scenario: the median CH4 flux of the ebullition pathway 
was smaller than that of the diffusion pathway, whereas the mean values 
showed the opposite trend. Nonetheless, at this location, the mean 
values of the two pathways showed non-significant differences from 
each other. Additionally, at this location, the highest and lowest CH4 
flux rates were measured through the ebullition pathway. Cumulatively 
over the measurement period, from March to July 2021, both transport 

pathways at RB showed no significant difference. Further unraveling 
this complexity at the RB location would require more extensive ebul
lition measurements in the future, as this matter cannot be definitively 
addressed solely with the current findings at Lake Neusiedl. 

5. Conclusions 

Our study demonstrated a clear heterogeneity in CH4 ebullition rates 
over both time (from March to July 2021) and space (locations) at Lake 
Neusiedl. By studying just three locations within the lake, not too far 
away from each other, we were able to observe the substantial influence 
of lake characteristics on CH4 emission rates, particularly affecting the 
ebullition pathway. Thereby, the ebullition rates of distinct ecosystems 
within a lake should not be considered homogeneous due to the spatial 
differences in the influencing factors such as temperature, water level, 
and organic carbon, which strongly impact ebullition rates. Even though 
ebullition rates vary significantly within the lake, the dominant type of 
methanogenesis (acetoclastic) remains consistent throughout the lake. 

The prevalence of the ebullition pathway over diffusion pathway, or 
vice versa, can vary considerably across different sites within a lake. In 
two out of three locations at Lake Neusiedl, an example for a subsaline 
lake, ebullition is not more important as CH4 emission pathway than 
diffusion, whereas at one location, the two emission pathways are 
almost equally important. 
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Boros, E., Horváth, Z., Wolfram, G., Vörös, L., 2014. Salinity and ionic composition of the 
shallow astatic soda pans in the Carpathian Basin. Ann. Limnol. Int. J. Limnol. 50, 
59–69. https://doi.org/10.1051/limn/2013068. 

van den Brand, T., 2023. ggh4x: hacks for ‘ggplot2’. URL: https://CRAN.R-project.org/p 
ackage=ggh4x. 

Buchsteiner, C., Baur, P.A., Glatzel, S., 2023. Spatial analysis of intra-annual reed 
ecosystem dynamics at lake neusiedl using rgb drone imagery and deep learning. 
Remote Sens. 15, 3961. https://doi.org/10.3390/rs15163961. 

Butterbach-Bahl, K., Kiese, R., Liu, C., 2011. Measurements of biosphere-atmosphere 
exchange of CH4 in terrestrial ecosystems. Methods Enzymol. 495, 271–287. https:// 
doi.org/10.1016/B978-0-12-386905-0.00018-8. 

Camacho, A., Picazo, A., Rochera, C., Santamans, A., Morant, D., Miralles-Lorenzo, J., 
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2023. Satellites reveal widespread decline in global lake water storage. Science 380, 
743–749. https://doi.org/10.1126/science.abo2812. 

Yvon-Durocher, G., Allen, A.P., Bastviken, D., Conrad, R., Gudasz, C., St-Pierre, A., 
Thanh-Duc, N., del Giorgio, P.A., 2014. Methane fluxes show consistent temperature 
dependence across microbial to ecosystem scales. Nature 507, 488–491. https://doi. 
org/10.1038/nature13164. 

Zambrano-Bigiarini, Mauricio, 2020. hydroGOF: Goodness-of-fit Functions for 
Comparison of Simulated and Observed Hydrological Time Series. https://doi.org/ 
10.5281/zenodo.839854 r package version 0.4-0.  

Zheng, Y., Wu, S., Xiao, S., Yu, K., Fang, X., Xia, L., Wang, J., Liu, S., Freeman, C., Zou, J., 
2022. Global methane and nitrous oxide emissions from inland waters and estuaries. 
Glob. Chang. Biol. 28, 4713–4725. https://doi.org/10.1111/gcb.16233. 

Zoboli, O., Hainz, R., Riedler, P., Kum, G., Sigmund, E., Hintermaier, S., Saracevic, E., 
Krampe, J., Zessner, M., Wolfram, G., 2023. Fate of nutrients and trace contaminants 
in a large shallow soda lake. Spatial gradients and underlying processes from the 
tributary river to the reed belt. Environ Sci Process Impacts 25, 1505–1518. https:// 
doi.org/10.1039/d3em00152k. 

P.A. Baur et al.                                                                                                                                                                                                                                  

https://doi.org/10.21105/joss.03167
https://doi.org/10.1038/s41598-018-36530-w
https://doi.org/10.1038/s41467-022-33239-3
https://doi.org/10.1007/s13157-011-0197-0
https://doi.org/10.1007/s13157-011-0197-0
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.jenvman.2022.115871
https://doi.org/10.1016/j.jenvman.2022.115871
https://doi.org/10.4141/S96-110
https://doi.org/10.1038/s41561-021-00715-2
https://doi.org/10.1038/s41561-021-00715-2
https://doi.org/10.5194/essd-12-1561-2020
https://doi.org/10.5194/essd-12-1561-2020
https://doi.org/10.3389/feart.2021.722215
https://doi.org/10.1002/lno.11764
https://doi.org/10.1002/lno.11764
https://doi.org/10.1016/j.scitotenv.2023.162895
https://doi.org/10.1016/j.scitotenv.2023.162895
https://doi.org/10.1016/j.jhydrol.2012.12.013
https://doi.org/10.1007/s10750-013-1681-8
https://doi.org/10.1007/s10750-013-1681-8
https://doi.org/10.1046/j.1365-2486.2003.00655.x
https://doi.org/10.1007/s10533-004-6124-1
https://doi.org/10.1016/j.scitotenv.2021.146117
https://doi.org/10.1016/j.jglr.2021.06.004
https://doi.org/10.1016/j.jglr.2021.06.004
http://refhub.elsevier.com/S0048-9697(23)07742-2/rf0365
http://refhub.elsevier.com/S0048-9697(23)07742-2/rf0365
http://refhub.elsevier.com/S0048-9697(23)07742-2/rf0365
https://doi.org/10.1007/s13157-017-0890-8
https://doi.org/10.1016/j.watres.2020.116654
https://doi.org/10.1016/j.watres.2020.116654
https://doi.org/10.1016/j.scitotenv.2021.149692
https://doi.org/10.1016/S0009-2541(99)00092-3
https://doi.org/10.1016/S0009-2541(99)00092-3
https://doi.org/10.1016/S0146-6380(86)80013-4
https://doi.org/10.1016/S0146-6380(86)80013-4
https://doi.org/10.1016/0016-7037(86)90346-7
https://doi.org/10.1016/0016-7037(86)90346-7
https://ggplot2.tidyverse.org
https://doi.org/10.21105/joss.01686
https://doi.org/10.1002/jgrg.20103
https://doi.org/10.1002/2013GL058510
https://doi.org/10.1002/2015GL066501
https://doi.org/10.1029/2019JG005601
https://doi.org/10.1029/2019JG005601
https://doi.org/10.1016/j.scitotenv.2018.12.424
http://refhub.elsevier.com/S0048-9697(23)07742-2/rf0435
http://refhub.elsevier.com/S0048-9697(23)07742-2/rf0435
https://doi.org/10.1016/j.talanta.2004.09.006
https://doi.org/10.1038/ngeo3052
https://doi.org/10.1021/je60068a029
https://doi.org/10.1021/je60068a029
https://doi.org/10.1126/science.abo2812
https://doi.org/10.1038/nature13164
https://doi.org/10.1038/nature13164
https://doi.org/10.5281/zenodo.839854
https://doi.org/10.5281/zenodo.839854
https://doi.org/10.1111/gcb.16233
https://doi.org/10.1039/d3em00152k
https://doi.org/10.1039/d3em00152k

	Is ebullition or diffusion more important as methane emission pathway in a shallow subsaline lake?
	1 Introduction
	2 Methods
	2.1 Study site and setup
	2.2 Methane measurements
	2.2.1 Ebullition pathway with ebullition traps
	2.2.2 Diffusion pathway with floating chambers

	2.3 Flux calculations and isotope ratios
	2.4 Water sampling and in-situ measurements
	2.5 Water analysis
	2.6 Additional data
	2.7 Data processing and statistical analysis

	3 Results
	3.1 Ebullition heterogeneity in space and time
	3.2 Isotope ratios and fractionation factor of ebullition gas
	3.3 Drivers of methane ebullition
	3.4 Diffusion of methane in space and time
	3.5 Ebullition vs. diffusion pathways

	4 Discussion
	4.1 Ebullition heterogeneity in space and time
	4.2 Isotope ratios and fractionation factors of ebullition gas
	4.3 Drivers of ebullition
	4.4 Diffusion of methane in space and time
	4.5 Ebullition vs. diffusion pathway

	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


