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Abstract 

Recent estimations demonstrate that methane (CH4) emissions from aquatic systems are responsible 

for up to half of global CH4 emissions. Lakes represent one of the largest CH4 sources, and emissions 

are predicted to increase due to global warming. However, there is a large uncertainty associated with 

CH4 emissions from freshwater environments to the atmosphere. Emissions result from the interplay 

between physical transport, CH4 production and consumption processes, which remain poorly 

understood. Especially the recently discovered CH4 production in oxic water layers (OMP) questions 

the traditional understanding of CH4 formation processes and might constitute a major driver of limnic 

CH4 emissions. However, the underlying mechanisms and pathways of OMP are largely unknown. 

In the scope of this study, a combination of field measurements and laboratory incubation experiments 

as well as concentration measurements and stable isotope techniques were conducted to disentangle 

the complex processes involved in the CH4 cycle of small, seasonally stratified, eutrophic Lake 

Willersinnweiher, which is situated in south-west Germany. Methane oversaturation in the water 

column of Lake Willersinnweiher was found throughout the whole year. However, seasonal and 

spatial variations of dissolved CH4 depending on lake stratification were observed. Spatial disparities 

of epilimnic CH4 concentrations indicated that lateral input of CH4 originated mainly from a few 

selected shallow sites and not from the whole littoral area of the lake. Inflowing groundwater 

characterised by high CH4 concentrations, which were unusually enriched in 13C and deuterium (2H), 

further contributed to CH4 supersaturation in the water column. During the stratification period, 

accumulation of CH4 just below the thermocline coincided with chlorophyll-a peaks, thus indicating 

the potential presence of OMP in connection with phytoplankton blooms at Lake Willersinnweiher. 

The potential occurrence of OMP was further validated by a mass-balance approach and by identifying 

methyl phosphonate, methylamine, and methionine as three potential precursor compounds of CH4 in 

the oxic water column. In the sediment, the stable carbon (δ13C-CH4) and stable hydrogen (δ2H-CH4) 

isotope values of CH4 revealed the contribution of different pathways of methanogenic CH4 

production depending on water depth. However, sulphate (SO4
2-)-dependent anaerobic methane 

oxidation (AOM), revealed by flux measurements, stable isotope evidence of CH4 and dissolved 

inorganic carbon (DIC) acted as a sink of sedimentary CH4 that substantially diminished CH4 fluxes 

from the sediment into bottom waters. Furthermore, CH4 from the anoxic CH4-rich hypolimnion was 

largely depleted by aerobic methane oxidation (MOx) at the oxic-anoxic interface. Methane fluxes 

from the water column to the atmosphere as well as its stable isotopic values showed strong seasonal 

dependence and variations, with CH4 being more enriched in 13C and 2H during the mixing period in 

winter compared to the stratification period in summer. While diffusive CH4 fluxes dominated total 

CH4 emissions during the mixing period, ebullition was the main contributor to CH4 emissions during 

the stratification period. Furthermore, the recently introduced isotope indicator Δ(2,13) was applied to 

characterise CH4 sources at Lake Willersinnweiher. Δ(2,13) values implied that littoral and 
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groundwater inputs of CH4 mainly contributed to CH4 supersaturation at Lake Willersinnweiher 

during the mixing period. However, lateral and vertical CH4 inputs alone could not explain CH4 

supersaturation during the stratification period. Therefore, OMP might be another important CH4 

source. This study shows that all investigated sinks and sources of CH4 are subject to strong variations 

based on lake stratification, physicochemical conditions, and lake depth. Hence, the results of this 

study suggest that a combination of dual isotope and concentration measurements of CH4 is a 

promising tool in order to untangle seasonal and spatial dynamics of CH4 sources and sinks in the 

complex CH4 cycle of lakes. 
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Kurzfassung 

Jüngste Schätzungen zeigen, dass Emissionen von Methan (CH4) aus aquatischen Systemen bis zu 

50 % der weltweiten Emissionen ausmachen. Dabei stellen Seen eine der größten CH4-Quellen dar. 

Darüber hinaus wird prognostiziert, dass die Emissionen von CH4 aufgrund der globalen Erwärmung 

noch weiter zunehmen werden. Die Emissionen von CH4 aus Süßwassersystemen in die Atmosphäre 

sind jedoch mit großen Unsicherheiten behaftet. Sie ergeben sich aus dem Zusammenspiel von 

physikalischem Transport und den Prozessen von CH4-Produktion und -Abbau, die nach wie vor nur 

unzureichend verstanden werden. Insbesondere die kürzlich entdeckte CH4-Produktion in oxischen 

Wasserschichten (OMP) stellt das bisherige Verständnis der Bildungsprozesse von CH4 in aquatischen 

Systemen in Frage. Die OMP könnte eine Hauptquelle für die CH4-Emissionen aus Seen sein, sind 

bisher aber nur unzureichend verstanden. Im Rahmen dieser Studie wurde eine Kombination aus 

Feldmessungen und Inkubationsexperimenten im Labor, sowie Konzentrations- und stabile 

Isotopenuntersuchen durchgeführt, um die komplexen Vorgänge im CH4-Kreislauf des kleinen 

eutrophen Sees Willersinnweiher mit saisonaler Schichtung zu entschlüsseln. Die Übersättigung von 

CH4 in der Wassersäule des Willersinnweihers, der sich im Südwesten Deutschlands befindet, wurde 

das ganze Jahr über festgestellt. Es wurden jedoch jahreszeitliche und räumliche Schwankungen des 

gelösten CH4 in Abhängigkeit von der Schichtung des Sees beobachtet. Die räumlichen Variationen 

der CH4-Konzentrationen im Oberflächenwasser deuten darauf hin, dass der horizontale Eintrag von 

CH4 eher von einigen ausgewählten flachen Stellen, als aus gesamten Litoralbereich des Sees stammt. 

Einströmendes Grundwasser, das sich durch hohe CH4-Konzentrationen und ungewöhnlich hohe 

Anreicherung an 13C-CH4 und 2H-CH4 auszeichnet, trug außerdem zur CH4-Übersättigung in der 

Wassersäule bei. Während der See eine Schichtung aufwies, bildeten sich Bereiche knapp unterhalb 

des Metalimnions aus, die durch erhöhte CH4- und Chlorophyll-a-Konzentrationen charakterisiert 

waren. Diese Beobachtung weist möglicherweise auf eine Verbindung zwischen OMP und 

Phytoplanktonblüten im Willersinnweiher hin. Darüber hinaus wurde das Auftreten von OMP in der 

Wassersäule des Willersinnweiher durch ein Massenbilanzverfahren und durch die Identifizierung von 

Methylphosphonat, Methylamin und Methionin als drei potenzielle Vorläuferverbindungen von CH4 

bestätigt. Die stabile Isotopenzusammensetzung des Kohlenstoffs (δ13C-CH4-Werte) und des 

Wasserstoffs (δ2H-CH4-Werte) von CH4 im Sediment zeigte den Beitrag verschiedener Arten der 

anaeroben Methanogenese je nach Wassertiefe auf. Im Sediment produziertes CH4 wurde dort jedoch 

durch Sulfat (SO4
2-)-abhängige anaerobe Oxidation von CH4 (AOM) teilweise wieder abgebaut. Das 

Auftreten von AOM, welches den Fluss von CH4 aus dem Sediment in die Wassersäule erheblich 

verringerte, wurde durch eine Kombination von Flussmessungen und der Messungen der stabilen 

Isotopenzusammensetzung von CH4 und gelöstem anorganischem Kohlenstoff (DIC) nachgewiesen. 

Darüber hinaus wurde CH4 aus dem anoxischen Hypolimnion durch aerobe Oxidation von CH4 (MOx) 

an der oxisch-anoxischen Grenzfläche fast vollständig oxidiert. Die Flüsse von CH4 aus der 



IV   

Wassersäule in die Atmosphäre sowie deren stabile Isotopenzusammensetzung zeigten eine starke 

jahreszeitliche Abhängigkeit und Schwankungen, wobei CH4 während der Durchmischung des 

Wasserkörpers im Winter stärker an 13C-CH4 und 2H-CH4 angereichert war als während der 

Schichtung im Sommer. Die Gesamt-Emissionen von CH4 aus dem Willersinnweiher wurden im 

Winter durch diffusive CH4-Flüsse dominiert, während im Sommer vor allem das Aufsteigen von 

Gasblasen zu den CH4-Emissionen beitrug. Außerdem wurde der kürzlich eingeführte 

Isotopenindikator Δ(2,13) zur Charakterisierung der CH4-Quellen im Willersinnweiher verwendet. Die 

Δ(2,13)-Werte deuteten darauf hin, dass die Einträge von CH4 aus dem Litoral und dem Grundwasser 

hauptsächlich zur Übersättigung von CH4 während der Durchmischung der Wassersäule im Winter 

beigetragen haben. Wenn der See im Sommer geschichtet ist, zeigten die Δ(2,13)-Werte, dass laterale 

und vertikale CH4-Einträge allein die CH4-Übersättigung nicht erklären können. Deshalb könnte OMP 

in dieser Zeit eine weitere wichtige Quelle von CH4 darstellen.  

Diese Studie zeigt, dass alle untersuchten Senken und Quellen von CH4 im Willersinnweiher starken 

Schwankungen unterliegen, die auf der Schichtung des Sees, dessen physikalisch-chemischen 

Bedingungen und der Wassertiefe beruhen. Sie veranschaulicht außerdem, dass die Anwendung von 

Konzentrations- und δ13C-CH4- und δ2H-CH4-Werten ein vielversprechender Ansatz ist, um Senken 

und Quellen von CH4 in Seen zu charakterisieren und weitere Informationen zu gewinnen, um die 

komplexe Dynamik des CH4-Zyklus in Seen sowohl räumlich als auch saisonal zu entwirren. 
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Abbreviations 

This list contains frequently used abbreviations throughout this study. Parameters and elements are 

described within the text. 

Abbreviation Description 

13α 
stable carbon isotope fractiona-

tion factor 

2α 
stable hydrogen isotope frac-

tionation factor 

AOM anaerobic methane oxidation 

BID 
barrier discharge ionization 

detector 

CRDS cavity ring-down spectroscopy 

DIC dissolved inorganic carbon 

FaRAGE 
Fast Response Automated Gas 

Equilibrator 

FID flame ionization detector 

GC gas chromatograph 

ICP-OES 
inductively coupled plasma 

optical emission spectrometer 

IRMS isotope-ratio mass spectrometer 

MA methyl amine 

MET L-methionine 

MOB methane-oxidizing bacteria 

MOx aerobic methane oxidation 

MPn methyl phosphonate 

OMP oxic methane production 

  
 

Abbreviation Description 

ppbv parts per billion by volume 

ppmv parts per million by volume 

SD standard deviation 

SMTZ sulphate-methane transition zone 

SRB sulphate reducing bacteria 

TMA trimethyl amine 

Δ(2,13) 

novel isotope indicator for char-

acterising methane sources using 

stable carbon and hydrogen iso-

topes 

δ13C-CH4 
stable carbon isotope values of 

methane 

δ13C-DIC 
stable carbon isotope values of 

dissolved inorganic carbon 

δ2H-CH4 
stable hydrogen isotope values 

of methane 

εC 
stable carbon isotope fractiona-

tion 

εH 
stable hydrogen isotope fraction-

ation 

Λ 

the ratio of stable hydrogen iso-

tope fractionation vs. stable car-

bon isotope fractionation 
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1 Introduction1 

In this chapter firstly, methane (CH4) in the atmosphere is discussed in context of global warming. 

Secondly, the global CH4 budget is described. Thirdly, the CH4 dynamics in limnic systems is 

outlined, especially concerning CH4 sources, sinks, emission pathways and constraints of the stable 

isotope composition of CH4. Finally, the research aims of this study are presented. 

1.1 Methane in the atmosphere: a challenge for global warming 

The radiative forcing and therefore the global climate is strongly regulated by the atmospheric gas 

composition, especially the mixing ratios of greenhouse gases. Methane constitutes the second most 

important anthropogenic greenhouse gas and contributes to ≈ 16 to 25 % of atmospheric global 

warming (Etminan et al., 2016; IPCC, 2013). The global warming potential of CH4 (over a 100-year 

period) is about 32 times higher compared to carbon dioxide (CO2) (Etminan et al., 2016; 

Myhre et al. 2013). Recently, atmospheric CH4 concentrations reached 1893 ppbv (parts per billion by 

volume), thus accounting for 2.6 times higher CH4 mixing ratios compared to pre-industrial times 

(Figure 1, Nisbet et al., 2021; Saunois et al., 2020). Hence, highlighting the importance of CH4 

emissions towards obtaining the climate goal of preventing the temperature increase from reaching 

2 °C as stated in the Paris Agreement. Moreover, CH4 plays a crucial role in atmospheric chemistry, as 

it is responsible for ≈ 33 % of tropospheric ozone production and the production of water vapour in the 

stratosphere (Crutzen, 1973; Dlugokencky et al., 2011; Kirschke et al., 2013; Nisbet et al., 2021). 

 

Figure 1. Change of global monthly mean atmospheric CH4 mixing ratios from 1980 to 2020 (upper panel) and 

annual growth rates of global CH4 (lower panel) (taken from Nisbet et al., 2021).  

 
1 Please note that parts of this section are taken from Einzmann et al. (2022) (Einzmann, T. and Schroll, M con-

tributed euqally and share first authorship). 
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1.2 Global methane budget 

The global CH4 budget comprises CH4 emissions of sources and CH4 sinks from terrestrial and aquatic 

environments and is categorized into anthropogenic and natural (Figure 2). Two scenarios, namely the 

bottom-up and top-down estimates were applied in the most recent report on the global CH4 budget by 

Saunois et al. (2020) and refer to the period between 2008 to 2017. Bottom-up estimates consist of 

anthropogenic inventories, land surface models and estimates of diverse natural sources. Top-down 

estimates on the other side derive from satellite observations and atmospheric inversion models 

(Kirschke et al., 2013; Saunois et al., 2020). They can accurately constrain the sinks and sources at an 

aggregate level, but insight into the underlying processes of CH4 emissions is limited compared to 

bottom-up models (e.g., Nisbet and Weiss, 2010). 

Anthropogenic CH4 sources include agriculture and waste, production and use of fossil fuels, 

biomass/biofuel burning and comprise up to 60 % of total CH4 emissions. Natural CH4 sources include 

mainly wetlands, but also other natural CH4 emissions from inland waters, oceans, permafrost, 

animals, geological sources and vegetation (Kirschke et al., 2013; Saunois et al., 2016, 2020). 

Anthropogenic and natural sources are balanced by chemical reactions in the atmosphere as the major 

sink of atmospheric CH4. Thereby ≈ 90 % of CH4 is oxidized in the troposphere by hydroxyl radicals 

(Ehhalt, 1974), while remaining degradation of atmospheric CH4 occurs in the stratosphere via 

reactions with chlorine and oxygen atoms, in soils via oxidation (Curry, 2007; Dutaur and Verchot, 

2007) and photochemically in the marine boundary layer (Allan et al., 2007). Saunois et al. (2020), 

reported that total CH4 emissions account for 737 Tg (1 Tg = 1012 g) yr-1 for bottom-up estimates, 

while top-down estimates are smaller with 576 Tg yr-1. This discrepancy is most probably based on 

large uncertainties of natural emission from inland water systems and/or the overestimation of 

individual reported CH4 sources and highlights a lack of knowledge about the underlying processes of 

CH4 formation (Saunois et al., 2020). Additionally, CH4 sinks show different estimations for the 

bottom-up (625 Tg yr-1) and top-down (556 Tg yr-1) approach. Nevertheless, estimations for CH4 sinks 

are smaller compared to CH4 sources in both scenarios, which explains the observed increase in 

atmospheric CH4 emissions. According to Saunois et al. (2020), CH4 emissions from inland water 

systems (rivers, ponds, reservoirs and lakes) account for up to 159 Tg yr-1 and lakes constitute the 

largest part of up to 70 % of these aquatic (limnic and marine) sources (Bastviken et al., 2011; 

DelSontro et al., 2018). However, in a recent study by Rosentreter et al. (2021), CH4 emissions from 

aquatic systems were estimated to be even higher (253 to 455 Tg yr-1), thus accounting for up to 53 % 

of total global CH4 emissions (bottom-up approach). According to this study, lakes alone supply about 

17 % of total global CH4 emissions (151 ± 73 Tg CH4 yr-1).  

These high contributions of CH4 from aquatic freshwater systems, especially from lakes, highlight its 

importance for the global CH4 budget but also show that aquatic CH4 emissions are highly variable. 

Furthermore, the processes and mechanisms underlying CH4 supersaturation of dissolved CH4 in 
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oxygenated water column of lakes and basins, the so called “Methane-Paradox”, are not fully resolved, 

and were highly debated within the last decade (Bižić et al., 2020b; DelSontro et al., 2018; Encinas 

Fernández et al., 2016; Grossart et al., 2011; Günthel et al., 2019, 2020; Peeters et al., 2019; 

Peeters and Hofmann, 2021). Thus, a better understanding of the processes underlying the CH4 

emissions from lakes and other aquatic systems are strongly needed, especially as eutrophication and 

positive climate feedbacks are predicted to increase aquatic CH4 emissions (Aben et al., 2017; 

Beaulieu et al., 2019; Rosentreter et al., 2021; Saunois et al., 2020).  

 

Figure 2. Global CH4 budget for the decade from 2008 to 2017. For each category a bottom-up estimation (left 

number) and top-down estimation (right number) for CH4 fluxes is given. The ranges of the CH4 flux estimations 

are shown below. The colour of each category represents its anthropogenic (orange), natural (green) or a mix of 

both origins (orange-green striped) (taken from Saunois et al., 2020). 

1.3 Methane formation processes 

Methane formation processes underlying natural and anthropogenic sources are further categorised as 

thermogenic, pyrogenic, and biotic (Kirschke et al., 2013; Saunois et al., 2016, 2020). Methane of 

thermogenic origin is produced as a result of geologic processes, which include the conversion of 

organic matter in the earth’s crust under high temperature and pressure conditions. Thermogenic CH4 

is then released to the atmosphere either anthropogenically via fossil fuel exploitation or naturally via 

gas-exchange processes regarding volcanoes or terrestrial and marine seeps (Etiope and Sherwood 

Lollar, 2013; Kirschke et al., 2013; Saunois et al., 2016, 2020; Wegener et al., 2008). Similarly, 

pyrogenic CH4, which is generated during incomplete combustion of biomass, enters the atmosphere 

either via anthropogenic processes such as biofuel or fossil fuel combustion or naturally during 

wildfires (Kirschke et al., 2013; Saunois et al., 2016, 2020). Biogenic CH4 constitutes a major part 

(70 %) of global CH4 formation. Traditionally biogenic CH4 is produced under strictly anaerobic 
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conditions by methanogenic archaea e.g., in the anoxic sediment of lakes, wetlands, rice paddies, 

landfills and ruminant livestock (Bižić et al., 2020b; Kirschke et al., 2013; Saunois et al., 2020). 

Methanogenic archaea produce CH4 in the process of anoxic methanogenesis for the remineralization 

of organic matter but only if other terminal electron acceptors which would yield a greater energy gain 

are depleted (e.g., Whiticar, 1999; Conrad, 2005). Consequently, anoxic methanogenesis is only the 

final step of a redox sequence involved in the degradation of organic matter (Froelich et al., 1979). 

The succession of the redox sequence is determined by the highest energy gains for the 

microorganisms starting with oxygen (O2), followed by nitrate (NO3
-), nitrite (NO2

-), manganese ions 

(Mn4+), iron ions (Fe3+), sulphate (SO4
2-), and lastly methanogenesis. Methanogenesis is dependent on 

the availability of a few substrates and limited to only a small number of pathways. Substrates for 

anoxic methanogenesis constitute CO2 (hydrogenotrophic pathway), acetate (acetoclastic pathway) 

and methylated compounds (Conrad, 2005, 2009; Deppenmeier et al., 1996; Gruca-Rokosz et al., 

2020; Lessner, 2009; Thauer et al., 2008). 

Opposed to the long-standing paradigm that CH4 is only produced in anoxic environments by 

methanogenic archaea, an increasing number of studies have demonstrated that many organisms 

produce CH4 in the presence of O2. The first evidence for these new sources of CH4 was presented by 

Keppler et al. (2006), and showed CH4 formation by plants. In the following many other organisms 

such as animals, saprotrophic fungi, lichens, marine and freshwater algae, aquatic and terrestrial 

cyanobacteria, bacteria, archaea and human cell lines were identified to belong to the group of novel 

sources of CH4 (Bižić et al., 2020a; Ernst et al., 2022; Ghyczy et al., 2008; Klintzsch et al., 2019; 

Lenhart et al., 2012, 2015, 2016).  

Just recently, CH4 formation under oxic conditions was proposed to occur in all three domains of life 

(Ernst et al., 2022). The authors demonstrated a universal mechanism for CH4 formation on a cellular 

level in organisms. Thereby, CH4 formation is triggered by the interaction of reactive oxygen species 

(ROS) with free Fe2+ and methylated compounds in cells. The complex interplay of methylated 

compounds and oxidative stress in cells could explain the large variations in CH4 emission rates 

between different organisms. However, the large uncertainties in the estimated CH4 emissions from 

these novel CH4 sources of up to 2 magnitudes have prevented it from being considered in the global 

CH4 budget yet (Boros and Keppler, 2018; Li et al., 2020; Liu et al., 2015, 2021; Saunois et al., 2020; 

Wang et al., 2013, 2020).  

1.4 Methane dynamics in limnic systems 

As described in the section above, CH4 emissions from aquatic freshwater systems and especially 

lakes are responsible for up to a third of global CH4 emissions (Rosentreter et al., 2021; 

Saunois et al., 2020). However, CH4 dynamics in limnic systems are very complex, as they are subject 

to many different processes and mechanisms (Figure 3). Recently, the observation of peaks in CH4 
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concentrations in the O2-saturated water layers of aquatic environments also called the 

“Methane Paradox”, has attained a lot of attention and has been intensively discussed, as it contradicts 

the traditional conception that CH4 is formed strictly under anoxic conditions by methanogenic 

archaea (e.g., Bižić et al., 2020b). This phenomenon was first described for oceans (Scranton and 

Brewer, 1977), but more recently has also been reported for a large number of lakes (e.g., 

Bogard et al., 2014; Blees et al., 2015; Tang et al., 2016; Grossart et al., 2011; Günthel et al., 2019; 

Hartmann et al., 2020). The origin of the occurrence of the “Methane Paradox”, however, is still 

unclear, but there are two opposing hypotheses that are suggested to explain it. The first proposes that 

CH4 is produced in the anoxic sediment of aquatic systems and then physical transport processes lead 

to the development of CH4 peaks in the oxygenated water column (e.g., Encinas Fernández et al., 

2016; Hofmann et al., 2010; Peeters et al., 2019; Peeters and Hofmann, 2021). The second hypothesis 

on the other hand suggests that the CH4 peak in the oxic water column is produced locally via oxic 

CH4 production (OMP), e.g., by phytoplankton, cyanobacteria, or bacteria and that the contribution of 

OMP to CH4 emissions from lakes increases with lake size (Bižić-Ionescu et al., 2018; Bižić et al., 

2020a; Grossart et al., 2011; Günthel et al., 2019, 2020; Hartmann et al., 2020). Nevertheless, a 

combination of the occurrence of both suggested pathways is the most probable scenario (Bižić et al., 

2020b). In the following three chapters sources, sinks and emission pathways of CH4 in lakes are 

described. 

 

 

Figure 3. Overview of sources (green) and sinks (red) of CH4 in the limnic environment. Transport processes 

(grey) and its transport direction are indicated by grey arrows. A typical concentration profile of CH4 (black) 

during thermal stratification is shown in the right part of the figure (taken from Einzmann et al., 2022). 
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1.4.1 Sources of methane in lakes 

In limnic environments, similar to the traditional views on CH4 formation processes, biogenic CH4 

was believed to exclusively stem from anoxic methanogenesis in the sediment and consequent 

transport processes into the water column, e.g., via vertical or lateral input or ebullition (Encinas 

Fernández et al., 2016; Hofmann et al., 2010; Peeters et al., 2019; Peeters and Hofmann, 2021). 

Currently there is a lively debate about whether a non-traditional source of CH4 (in this case OMP) in 

the surface water layer is needed to explain vertical and spatial CH4 concentrations in the water 

column of lakes and to compensate for diffusive CH4 losses to the atmosphere. Supporters of this 

hypothesis argue that no additional CH4 source is needed and thus CH4 production and its transport 

from the anoxic sediments and transport of CH4 rich water masses from shallow areas of the lake is 

sufficient to explain CH4 supersaturation in lakes (e.g., Peeters and Hofmann, 2021; Peeters et al., 

2019). These processes were previously used to explain the “Methane Paradox”, the occurrence of 

CH4 peaks and supersaturation in the oxygenated water column.  

However, a large number of studies reported the in-situ production of CH4 in the O2-rich water layers 

of lakes (e.g., Bižić et al., 2020b; Bižić-Ionescu et al., 2018; Bogard et al., 2014; DelSontro et al., 

2018; Donis et al., 2017; Grossart et al., 2011; Günthel et al., 2019, 2020; Hartmann et al., 2020; 

Khatun et al., 2020, 2019; León-Palmero et al., 2020; Perez-Coronel et al., 2021; Yao et al., 2016). 

Nevertheless, OMP is complex to detect, as to date it cannot be measured directly and all occurring 

CH4 fluxes into and out of the water column of the lake, as well as CH4 production and consumption 

processes have to be considered. Thus, mass balance approaches are frequently used to estimate OMP 

rates (Donis et al., 2017; Günthel et al., 2019; Hartmann et al., 2020). Large uncertainties in the 

estimations of OMP and its contribution to surface water CH4 supersaturations prevail and highlight 

that there is a lack of understanding about the underlying processes and pathways, as well as their 

temporal and spatial variations.  

So far, several pathways of OMP have been identified, including (1) methanogenesis by methanogens 

in anoxic micro-niches (e.g., de Angelis and Lee, 1994; Schmale et al., 2018), (2) direct production of 

CH4 by algae associated with oxidative stress and/or photosynthesis (Klintzsch et al., 2019; Lenhart et 

al., 2016; Liu et al., 2022) or the conversion of dimethyl sulphoniopropionate (DMSP) by nitrogen-

limited microorganisms (Damm et al., 2010, 2015), (3) demethylation of methyl phosphonates (MPn) 

by cyanobacteria (e.g., Karl et al., 2008; Repeta et al., 2016) or release of CH4 by cyanobacteria 

associated with photosynthesis (Bižić et al., 2020a), (4) CH4 formation as a by-product in the 

metabolism of N2-fixing microorganisms from the reduction of CO2 (Zheng et al., 2018) and (5) the 

microbiological conversion of methyl amine (MA), trimethyl amine (TMA) and methionine (MET) to 

CH4 in oxygenated water layers ( Bižić-Ionescu et al., 2018; Lenhart et al., 2016; Wang et al., 2021).  

For atmospheric CH4 emissions, OMP is of particular importance as the production of CH4 takes place 

closer to the water-atmosphere interface. Thus, OMP was proposed to strongly contribute to 
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subsequent CH4 emissions from aquatic freshwater systems, especially in large lakes (> 1 km2), where 

the transport and influence of CH4 produced in shallow lake sediments is little (Günthel et al., 2019; 

Tang et al., 2016).  

However, evaluating the contribution of OMP to CH4 supersaturation and distinguishing it from CH4 

produced via anoxic methanogenesis is very challenging due to the complex interactions and transport 

processes in limnic systems (Figure 3). Therefore, the application of stable carbon (δ13C-CH4) and 

stable hydrogen (δ2H-CH4) isotopes might be helpful to distinguish between formation and 

degradation processes in the environment (Figure 4; e.g., Schenk et al., 2021; Whiticar, 2020). The 

great advantage of stable isotope investigations is that CH4 formed from different processes can be 

distinguished based on its δ13C-CH4 and δ2H-CH4 values. These differences in the stable isotope 

values for instance allow for a distinction between different types of methanogenesis since different 

enzyme systems fractionate differently against 13C and 2H (e.g., Conrad, 2005).  

 

Figure 4. Classification of stable carbon and stable hydrogen isotope values of various CH4 formation pathways 

(taken from Whiticar, 2020). 

Hence, CH4 produced via the acetoclastic pathway shows δ2H-CH4 values (-250 to -150 ‰) that are 

more positive and δ13C-CH4 values (-110 to -60 ‰) that are more negative compared to CH4 produced 

via the hydrogenotrophic pathway (δ2H-CH4 values between -400 to -250 ‰ and δ13C-CH4 values 

between     -60 to -40 ‰; Whiticar, 2020). If the stable isotope composition of methanogenic CH4 is 

different compared to CH4 originating from OMP, isotopic signatures might be useful to distinguish 

between traditional anoxic CH4 formation and OMP. However, only limited data for δ13C-CH4 and 

δ2H-CH4 values of CH4 from OMP are available to date. Klintzsch (2021) reported δ13C-CH4 values of 

CH4 produced by three widespread marine algae ranging from -49 to -23 ‰, while Luxem et al. (2020) 

reported δ13C-CH4 ranging from -100 to -70 ‰ and δ2H-CH4 values ranging from -550 to -450 ‰ for 

nitrogenase derived CH4. Both studies report δ13C-CH4 and δ2H-CH4 values that can be distinguished 
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from traditional CH4 sources from the anoxic environment. Especially the relatively positive δ13C-CH4 

values (compared to atmospheric δ13C-CH4 values) reported for marine algae species are of great 

interest, as such positive δ13C-CH4 values could at least partially explain the observed δ13C-CH4 values 

in the surface water layer, which were more enriched in 13C-CH4 and 2H-CH4 compared to CH4 

originating from anoxic methanogenesis (e.g., Hartmann et al., 2020; Klintzsch, 2021). 

1.4.2 Sinks of methane in lakes 

In aquatic environments oxidation of CH4 takes place in both oxic and anoxic habitats, removing CH4 

from the water column and sediment and thus mitigating CH4 emissions from these systems to the 

atmosphere (e.g., Reeburgh, 1996; King, 1992; Whiticar, 2020). Aerobic methane oxidation (MOx) 

consumes between 30 to 99 % of limnically produced CH4 (Bastviken et al., 2008). Aerobic methane 

oxidation occurs in the oxygenated water column by CH4-oxidizing bacteria (MOB) that use CH4 or 

other single-carbon compounds (C1) as their carbon and energy source in the presence of O2. Thereby, 

CH4 is converted to CO2 via intermediate compounds such as methanol, formaldehyde, and formate 

(Dedysh and Dunfield, 2011; McDonald et al., 2008; Roslev and King, 1995) according to Eq. (1). 

Nevertheless, the parameters and mechanisms underlying MOx are complex and depend on, e.g., the 

diversity of methanotrophs and occurrence in different habitats (Trotsenko and Khmelenina, 2002; 

Utsumi et al., 1998). 

 𝐶𝐻4 + 𝑂2  →  𝐶𝑂2 +  2𝐻2𝑂 (1) 

In contrast to MOx, anaerobic methane oxidation (AOM) is an important sink of CH4 in the anoxic 

water bodies or the sediment of aquatic systems. Anaerobic methane oxidation requires the presence of 

other terminal electron acceptors than O2 and has been associated with the reduction of NO3
-, NO2

-  

(Deutzmann et al., 2014; Ettwig et al., 2008; Norði and Thamdrup, 2014; Raghoebarsing et al., 2006), 

Mn4+ (Beal et al., 2009), Fe3+ (Crowe et al., 2011; He et al., 2018; Norði et al., 2013) and SO4
2- 

(Martens and Berner, 1974; Reeburgh, 1976). While SO4
2--dependent AOM is most prevalent in 

marine environments in the so-called sulphate-methane-transition zones (SMTZ) due to high 

prevailing SO4
2- concentrations, SO4

2--dependent AOM has also been reported for a few limnic 

environments (Eq. (2); Aben et al., 2017; Knittel and Boetius, 2009; Kleint et al., 2021; Whiticar, 

2020; Schubert et al., 2011; Timmers et al., 2016). 

 𝐶𝐻4 + 𝑆𝑂4
2−  →  𝐻𝐶𝑂3

− + 𝐻𝑆− +  2𝐻2𝑂 (2) 

Limnic freshwater systems are usually characterised by low SO4
2- concentrations thus preventing the 

occurrence of SO4
2--dependent AOM. However, in recent years AOM related to the reduction of SO4

2- 

and the presence of SMTZs in the sediment were reported for an increasing number of freshwater 

systems (Kleint et al., 2021; Schubert et al., 2011; Timmers et al., 2016).  

In SMTZs CH4 is oxidized via SO4
2- by a syntrophic coexistence of sulphate-reducing bacteria (SRB) 

and methane-oxidizing archaea (e.g., Orcutt and Meile, 2008; Boetius et al., 2000; Alperin and 
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Reeburgh, 1985). Thus, CH4 fluxes of CH4 from the sediment into the water column are strongly 

reduced in these systems and were reported to account for up to 90 % of sedimentary produced CH4 

(Hartmann, 2018).  

Microbial oxidation of CH4 leads to an enrichment of 13C-CH4 and 2H-CH4, as the consumption of 

CH4 by microorganisms is linked to kinetic isotope effects (Barker and Fritz, 1981). Furthermore, 

hydrogen isotope fractionation of CH4 was reported to be 5 to 10 times higher when compared with 

carbon isotope fractionation. Hence, MOx and AOM consume the heavier 13C-CH4 more slowly than 

the lighter 2H-CH4. Hence, the relation between δ13C-CH4 and δ2H-CH4 values are good indicators for 

the zones of aquatic systems where MOx or AOM occur (Cadieux et al., 2016; Norði et al., 2013; 

Riedinger et al., 2010; Schubert et al., 2011; Tsunogai et al., 2020). 

1.4.3 Methane emissions from lakes 

As introduced in section 1.2, CH4 emissions from aquatic freshwater environments are estimated to be 

a major source of the global CH4 cycle (Rosentreter et al., 2021; Saunois et al., 2020). This is 

especially noteworthy, as about 30 to 99 % of produced CH4 is estimated to be oxidized before 

reaching the atmosphere, indicating that without this CH4 sink in the water column of lakes CH4 

emissions from aquatic freshwater systems would be substantially higher (Bastviken et al., 2008). 

Thus, many studies have covered the CH4 emissions from limnic systems in the recent decades and 

several pathways of limnic CH4 emissions have been described (e.g., Bastviken et al., 2002, 2011). 

The three major pathways of CH4 emissions constitute plant-mediated CH4 release, diffusion, and 

ebullition (Figure 3, e.g., Bastviken et al., 2004).  

Even though the plant-mediated release of CH4 is of particular importance for wetlands and flooded 

rice fields, this process is also important in limnic systems containing emergent plant coverage 

(Cicerone and Shetter, 1981; Sebacher et al., 1985; Whiting and Chanton, 1993). Thereby, CH4 from 

anoxic sediments is transported through the roots and aerenchyma (air channels) of plants to the 

atmosphere. Thus, CH4 emissions circumvent potential oxidation in the water column 

(Bridgham et al., 2013; Sebacher et al., 1985). Methane emissions from plant-mediated release are, on 

the one hand, dependent on plant characteristics such as plant surface area and plant density, but, on 

the other hand, also on plant coverage and lake size, as in bigger lakes, proportionally, a smaller part 

of the lake is covered by emerged plants (Bastviken et al., 2002; Bridgham et al., 2013). 

Diffusive CH4 fluxes at the water-atmosphere interface constitute another important pathway for CH4 

emission from aquatic systems. The understanding of the underlying factors of this emission pathway 

is fundamental for the biogeochemical cycle of CH4 in aquatic systems (Klaus and Vachon, 2020). 

Diffusive CH4 fluxes are dependent on lake area, and their importance enhances with increasing lake 

size (Bastviken et al., 2002). Subsequently, diffusive CH4 fluxes account for ≈ 50 % of CH4 emissions 

in large lakes. The magnitude of diffusive CH4 emissions is associated with complex interactions in 
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the near-surface water column and depend on dissolved CH4 concentrations and turbulences. 

Turbulences in the uppermost water layer are mostly generated by wind. Nevertheless, they are also 

controlled by surface heat fluxes and lake characteristics such as size and shape, as well as the 

surroundings of the lake (e.g., trees or mountains). These factors then influence wind speed and its 

spatial distribution across the lake (Klaus and Vachon, 2020; Kwan and Taylor, 1994; Markfort et al., 

2010; Prairie and del Giorgio, 2013). Beyond these parameters, the occurrence of microbubbles can 

also substantially contribute to diffusive CH4 emissions (Prairie and del Giorgio, 2013). For a more 

detailed discussion of diffusive CH4 emissions and applied methods, please refer to the articles by 

Cole et al. (2010),  Prairie and del Giorgio (2013) and Klaus and Vachon (2020). 

Finally, CH4 release from aquatic systems via ebullition (uprising of gas bubbles rich in CH4 from the 

sediment) comprises presumably the most important contributor to total limnic CH4 emissions, 

especially in eutrophic systems (Aben et al., 2017; Bastviken et al., 2004; Wik et al., 2016). Gas 

bubbles migrating upwards in the water column are subject to gas exchange with the surrounding 

water column, especially when they originate from greater depths (McGinnis et al., 2006). However, 

ebullitive CH4 fluxes from shallow areas of the lake are only subject to short interactions with the 

water column and thus mostly reach the atmosphere directly (Ostrovsky et al., 2008). Environmental 

factors controlling ebullitive fluxes are highly episodic, show strong spatial variations and are 

therefore hard to evaluate and predict (e.g., West et al., 2016; Thottathil and Prairie, 2021; DelSontro 

et al., 2016). Parameters that control ebullition include the productivity of CH4 in the sediment (e.g., 

controlled by temperature; DelSontro et al., 2016; Aben et al., 2017), change of hydrostatic pressure 

(Mattson and Likens, 1990; Wik et al., 2013) and disturbance of sediments by wind-induced 

turbulences (Joyce and Jewell, 2003). However, the contribution of ebullitive fluxes to total CH4 

emission decreases with increasing water depth (Bastviken et al., 2004). 

The described emission pathways of CH4 from limnic systems lead to the strong contribution of limnic 

CH4 emissions to total atmospheric CH4 emissions. However, allocating and distinguishing between 

different CH4 sources is very challenging but necessary in order to create accurate budgets of 

atmospheric CH4. The stable isotope signatures of CH4 provide strong assistance in assessing global 

and regional CH4 budgets, as often different CH4 sources are characterised by a distinct source 

signature of δ13C-CH4 and δ2H-CH4 values and therefore allow to differentiate between different 

atmospheric sources of CH4, e.g., lakes and wetlands (Mikaloff Fletcher et al., 2004; Nisbet et al., 

2021; Thottathil and Prairie, 2021). 
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1.5 Motivation and research aims of this study 

As discussed above, CH4 emissions from aquatic systems constitute up to 50 % of global CH4 

emissions, and lakes are estimated to be the major contributor (Rosentreter et al., 2021; Saunois et al., 

2020). Furthermore, CH4 emissions from lakes are predicted to increase in the scope of climate change 

due to increasing temperatures and eutrophication (Aben et al., 2017; Beaulieu et al., 2019; Sepulveda-

Jauregui et al., 2018). Even though the CH4 cycle of lakes and subsequent CH4 emissions have been 

the subject to extensive investigations and debate, many key parameters and factors are still unclear. 

Beyond that, the limnic CH4 cycle is very complex, as many different mechanisms and pathways are 

involved in CH4 production and consumption.  

Therefore, the overall aim of this study was to obtain an overall understanding of the CH4 cycle in 

lake Willersinnweiher via the temporal and spatial analysis of CH4 production, oxidation and 

emission processes in the sediment and water column.  

The overall aim is subclassified into the following more specified aims: 

1) characterising the CH4 production in the sediment and diffusion fluxes from the sediment into 

the water column both temporally and spatially 

2) delivering isotopic evidence for the occurrence of AOM in the sediment of Lake 

Willersinnweiher 

3) characterising the temporal and spatial patterns of CH4 concentrations, δ13C-CH4 and δ2H-CH4 

values over a period of 2.5 years and analysing the distribution of epilimnic CH4 concentrations of 

Lake Willersinnweiher at a high resolution 

4) investigating the potential contribution of CH4 input from groundwater as well as its stable 

isotope composition and its temporal variations over the course of 2.5 years 

5) identifying zones of occurring MOx in the water column of Lake Willersinnweiher and 

determining potential MOx rates and their temporal variation between the stratification period in 

summer and the mixing period during winter 

6) estimating OMP rates at Lake Willersinnweiher during stratification and mixing period using a 

mass balance approach and investigating the potential precursor compounds MPn, MA, TMA and 

MET for their potential to be converted to CH4 in the oxygenated water layers of Lake 

Willersinnweiher 

7) quantifying and determinating the temporal variations of CH4 emissions (diffusion and 

ebullition) from Lake Willersinnweiher as well as their δ13C-CH4 and δ2H-CH4 values 

8) disentangling the contribution of different CH4 sources to CH4 supersaturation during periods of 

stratification and mixing of the water column at Lake Willersinnweiher using the novel Δ(2,13) 

isotope indicator. 
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2 Materials and Methods2 

2.1 Study site and its geochemical characterisation 

Lake Willersinnweiher is a eutrophic monomictic lake in the south-west of Germany near 

Ludwigshafen in the Upper Rhine Valley (Figure 5A). It used to be a gravel pit and comprises an area 

of ca. 0.17 km-2, a width of 325 m and a length 825 m. (Figure 5A, B; Sandler, 2000). Lake 

Willersinnweiher, has no in- or outflows at the surface and is therefore fed solely by groundwater and 

precipitation (Wollschläger et al., 2007). Its average depth is ≈ 8 m. However, the lake is divided into 

a south-western basin that is characterised by a maximum depth of ≈ 20 m and a shallower north-

western basin with a maximum depth of ≈ 14 m. A swell, which is situated in a depth of about 8 m, 

divides the two basins and restrains the exchange of water masses between the two basins (Figure 5C; 

Sandler, 2000; Schmid, 2002; Schröder, 2004).  

Groundwater enters the lake from the south-west towards north-east, according to its flow direction 

and passes at least one other lake prior to reaching Lake Willersinnweiher (Figure 5C, Kluge et al., 

2007; Wollschläger et al., 2007). As groundwater is the main source of solutes at Lake 

Willersinnweiher, it highly influences its water chemistry. The water column of Lake 

Willersinnweiher is characterised by high concentrations of SO4
2- (≈ 2 mmol l-1), which are rarely 

found in freshwater systems (Kleint et al., 2021). The high SO4
2- concentrations in lake water originate 

from pyrite oxidation in the Quaternary river sediments of the Rhine and are transported to the lake via 

inflowing groundwater (Isenbeck-Schröter et al., 2016; Schröder, 2004). Furthermore, eutrophic 

conditions in the water column of Lake Willersinnweiher originate from nutrient input from 

agricultural land in close proximity to the lake (Laukenmann, 2002).  

The water column of Lake Willersinnweiher was characterised by seasonal stratification during the 

summer months and a period of complete mixing of the water column between November/December 

to March/April (Kleint et al., 2021; Wollschläger et al., 2007). During the stratification period the 

water column is vertically divided in three layers: 1) The uppermost water layer is the epilimnion in 

which water masses are fully mixed and oxygenated due to wind-induced turbulences at the water 

surface. In this layer, gases dissolved in the water are in exchange with the atmosphere. Below follows 

2) the metalimnion, in which the water temperature decreases sharply with depth. This temperature 

gradient, referred to as thermocline, prevents the water bodies from mixing due to differences in their 

respective density. In the metalimnion, O2 concentrations decline with increasing depth until O2 is 

completely consumed leading to the development of a chemocline at the bottom of the metalimnion. 

 
2 Please note that parts of this section are taken from Einzmann et al. (2022). 
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The top and the bottom of the metalimnion are furthermore characterised by chlorophyll-a (Chl-a) 

peaks, thus indicating phytoplankton activity. 3) The anoxic hypolimnion follows below the 

metalimnion. It is anoxic due to organic matter turnover from bioproduction in the overlying water 

layers. High SO4
2- concentrations in the sediment originating from groundwater input make SO4

2- 

reduction the main process of organic matter turnover at Lake Willersinnweiher (Kleint et al., 2021). 

Thus, production and release of S2- from the sediment into the hypolimnion via SO4
2- reduction lead to 

the development of euxinic conditions during stratification (Schröder, 2004). In autumn decreasing 

temperatures lead to a weakening of the stratification until complete circulation of the water column is 

established. Hence, the whole water column is characterized by fully oxic conditions during mixing 

period that can reach up to a few millimetres into the uppermost sediment layers (Schröder, 2004).  

 

 

Figure 5. Location of (A, B) Lake Willersinnweiher and three circumjacent lakes in Germany modified after 

Kleint et al. (2021) and Einzmann et al. (2022). (C) Sampling sites (pelagic, slope and littoral) at the lake as well 

as groundwater sampling sites (GW West in, GW West out, GW East out) are represented by red and green 

points, respectively. The flow direction of groundwater is indicated after Wollschläger et al. (2007). 
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2.2 Field sampling and preparation of samples for laboratory analysis 

Sampling of the water column and sediment at Lake Willersinnweiher was carried out in the scope of 

19 field campaigns between May 2019 and September 2021. A detailed outline of the field campaigns 

and the investigated parameters are shown in the appendix according to Table A 1. Field sampling was 

performed at three different sites with different water depths: the pelagic site with a depth of 20 m and 

located in the deepest part of the southwestern basin of Lake Willersinnweiher, the slope site, which is 

located in the south-eastern part of the lake and about 9 m deep, and the littoral site, which is situated 

in the littoral zone close to the north-western shore and therefore only 1.5 m deep. Additionally, three 

groundwater wells (GW West In, GW West Out, GW East Out) upstream and downstream of the lake 

were sampled (location, sampling sites and groundwater wells are shown in Figure 5C). Data for the 

wind speed and direction derive from a close-by weather station.  

2.2.1 Bathymetric map 

Profiles of water depths to the bottom of Lake Willersinnweiher were measured using a split-beam 

echo sounder (120 kHz, Simrad EY60, USA) similar to Liu et al. (2021). The software Sonar 5-Pro 

was used to process the acquired data. The bathymetric map (Figure 5C) was generated using the 

software Surfer (Surfer 22, Golden Software, USA). The same software was furthermore used to 

calculate the water volume, planar and sediment areas of Lake Willersinnweiher. 

2.2.2 Sediment 

The sediment of Lake Willersinnweiher was sampled in the period between May 2019 and March 

2021. During sediment sampling, two sediment cores with a length of up to 35 cm were obtained with 

a manually operated gravity corer at each of the three sites. The first core was used to analyse pore 

water and the second core to analyse the dissolved CH4. The cores were prepared for laboratory 

analyses immediately after sampling. 

In the first core pore water was extracted in 1, 2 and 3 cm intervals for core depths between 0 to 10 

cm, 10 to 20 cm and 20 to 35 cm, respectively, using rhizons with a pore-size of 0.15 µm (Rhizosphere 

Research Products, Netherlands). The obtained pore water samples were analysed for their dissolved 

ion composition during all sediment samplings and for its δ13C values of dissolved inorganic carbon 

(DIC) during field campaigns from May 2020 to March 2021. Samples for the analysis of stable 

isotope values of DIC (ẟ13C-DIC) were prepared by transferring 1 ml of the filtered water sample into 

a 3 ml glass vial and acidifying it with a few drops of hydrochloric acid (25 %) in order to convert all 

DIC to CO2. After shaking vigorously, the headspace was extracted, transferred into evacuated 1.5 ml 

glass vials and stored until analysis. 

The second core was subsampled in the same intervals as the pore water by transferring 3 ml of 

sediment with a cut-off plastic syringe into 20 ml glass vials for the analysis of dissolved CH4 
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concentrations, δ13C-CH4 and δ2H-CH4 values in the laboratory (sections 2.4.1 and 2.4.2). 

Furthermore, sediment samples in the glass vials were treated with 3 to 5 ml of a 1 M sodium 

hydroxide solution, crimped with a lid containing a septum and shaken vigorously for ≈ 10 min, in 

order to prevent any alterations by microbial activity and establish an equilibrium between the gases 

dissolved in the water and the headspace. Afterwards, the headspace was extracted for laboratory 

analysis, and the remaining sediment samples in the glass vials were dried in an oven at 105 °C for at 

least 48 h and weighed before and after drying to determine water content and porosity.  

2.2.3 Water column 

The water parameters temperature, pH, dissolved O2, and Chl-a concentrations were recorded at high 

temporal resolution (1 Hz) within the water column of each site using a Exo1 multiparameter probe 

(Xylem Analytics, Norway). Prior to each field campaign, the probe was calibrated for the different 

parameters in the laboratory. Samples at different water depths were taken using a submersible pump 

(COMET-Pumpen Systemtechnik GmbH &Co. KG, Germany). Water samples used for the 

determination of dissolved CH4 concentrations, δ13C-CH4 and δ2H-CH4 values were taken using the 

headspace technique (Wilson et al., 1989). For this purpose, 100 ml of water was transferred to a 

140 ml syringe, and 40 ml of Helium (He) gas was added via a three-port valve to create a headspace. 

The sample was shaken vigorously for 1.5 min to equilibrate the water and gas headspace. 

Subsequently, the headspace was extracted with another syringe and transferred into an evacuated 

12 ml Exetainer® (Labco, UK). Water samples used to measure dissolved ion composition as well as 

DIC concentrations in the laboratory were filtered through a 0.2 μm filter into 15 ml falcon tubes 

(Corning, USA). Samples for cation analysis were furthermore acidified with 150 μl of 6M HNO3 and 

stored at a temperature of 4 °C until analysis. Water samples for the analysis of ẟ13C-DIC were 

prepared by transferring 1 ml of the filtered water sample into a 3 ml glass vial and acidifying it with a 

few drops of hydrochloric acid (25 %) in order to convert all DIC to CO2. After shaking vigorously, 

the headspace was extracted, transferred into evacuated 1.5 ml glass vials and stored until analysis. 

2.2.4 Spatial distribution of methane in the epilimnion 

The spatial distribution of CH4 in the surface water of Lake Willersinnweiher was analysed using a 

Fast-Response Automated Gas Equilibrator (FaRAGE) coupled to a cavity-ring down spectroscope 

(CRDS; Picarro G431, Picarro, USA). The FaRAGE system was built in-house after the setup 

described by Xiao et al. (2020) (Figure 6). In combination with the CRDS, it allows continuous in-situ 

measurements of CH4 almost in real time. While driving across the lake by boat, water samples were 

pumped into the FaRAGE system using a peristaltic pump coupled to a flow meter with a flow rate of 

350 ml min-1. At the same time, compressed atmospheric air entered the system via a mass-flow 

controller (MFC) with a flow rate of 1050 ml min-1. Sampled water and added gas met in a gas-water 

mixing unit, that consisted of a modified 10 ml syringe (Plastipak®, BD, USA) in which a bubble 
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diffusor was placed. A 0.2 µm teflon membrane filter was placed between the gas-water mixing unit 

and the MFC in order to avoid high water vapor content damaging the MFC. In the gas-water mixing 

unit the inflowing water and gas mixed and the thereby generated turbulent mixing leading to 

degassing of dissolved CH4 from the water sample. The gas-water mixture was then transferred to a 

gas-water separation unit via a 2 m long tube with a diameter of 0.32 mm (Tygon, Saint Gobain, 

France). The gas-water separation unit consisted of a modified 30 ml syringe (Plastipak®, BD, USA). 

In the lower part of the syringe the water was discharged from the system using another peristaltic 

pump with a flow rate of 500 ml min-1. The gas phase that accumulated in the top of the syringe was 

transferred to the CRDS (sample rate: 1000 ml min-1) while excess gas was released from the system 

via a vent consisting of a tube (length: 1 m, i.d.: 0.32 mm) in order to prevent pressure building up in 

the system. Water vapor in the sample gas was removed prior to the analysis with the CRDS using a 

water desiccant consisting of a 30 ml syringe filled with Drierite®. Concentrations of dissolved CH4 in 

the samples water were then calculated according to the method described in section 2.6.2.  

In order to identify the exact location of the spatial and continuous CH4 measurement spots, a GPS-kit 

connected to the CRDS recorded the coordinates during the sampling with the boat. The driving speed, 

distance between the individual measurement points, distance from the shore, and water depth at the 

given coordinate were calculated from the GPS-locations. Due to the driving speed of ≈ 1 km h-1 and a 

response time of ≈ 40 s between introduction of the water sample into the FaRAGE and analysis with 

the CRDS, a spatial resolution of ≈ 10 m was achieved (Eq. (3)).  

 SpRes = vboat * tresponse 
(3) 

where SpRes is the spatial resolution in [m], vboat the driving speed of the boat in [m s-1] and tresponse the 

response time of the FaRAGE-CRDS system in [s]. 

The FaRAGE system was calibrated in the laboratory using in-house standard mixtures of water with 

different dissolved CH4 concentrations. Measurements of different standard mixtures with the 

FaRAGE-CRDS system were compared to samples that were collected from the same water using the 

headspace-method (section 2.2.3) and analysed at the gas chromatograph coupled to a flame ionization 

detector (GC-FID; section 2.4.1). For the calibration, the calculated dissolved CH4 concentration of the 

manually gathered samples in [nmol l-1] and the CH4 concentration from samples measured by the 

FaRAGE-CRDS system in [ppmv] (parts per million by volume) were used. Two different calibrations 

were conducted at 6 °C and 19 °C to account for differences in temperature dependent solubility of 

CH4 in water (Table A 2). 
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Figure 6. Schematic setup of the Fast-Response Automated Gas Equilibrator (FaRAGE) (modified after Xiao et 

al. (2020)). The FaRAGE consisted of two peristaltic pumps with integrated flow controllers, one for taking and 

one for discharging water samples. A tank of atmospheric air was coupled to a mass flow controller to generate a 

constant air flow. Several teflon membrane filters were installed throughout the setup to protect the system from 

being flooded. The tank of atmospheric air and the water pump tanking samples were linked to a gas-water 

mixing unit and a gas-water separation unit, where dissolved gases from the water were equilibrated with the air. 

The gas-water separation unit was coupled to a cavity ring-down gas analyser (CRDS), via a water desiccant to 

dry the sample gas before entering the CRDS. 

2.2.5 Groundwater 

At the three groundwater wells, groundwater parameters were recorded after ≈ 30 min of pumping 

with a submersible pump (MP1, Grundfos GMBH, Germany) and on-site parameters temperature, pH, 

dissolved O2 and conductivity, which were measured in a side stream, were stable. Groundwater 

samples were prepared for CH4 concentration, ẟ13C-CH4, δ
2H-CH4 and ẟ13C-DIC analysis as well as 

dissolved ion composition in the same way as lake water samples (section 2.2.3).  

2.2.6 Diffusion 

Diffusive CH4 fluxes were determined between October 2019 and September 2021 at the three 

sampling sites (pelagic, slope and littoral; Figure 5C) using a floating chamber (Figure 7). The floating 

chamber consisted of a plastic body with a volume of 8.6 l and two tubes equipped with three-way 

valves to take samples. A floatable ring made from polyethylene maintained the chamber afloat and 

kept the edges of the chamber in a water depth between 2 and 3 cm. Before sampling, the floating 

chamber was fixed to the boat but care was taken to leave the chamber room for movement to prevent 

the generation of artificial turbulences under the chamber that might influence the measured CH4 
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concentrations. To flush the tubes and prevent sampling air that was present in the tubes prior to 

sampling, a gas tight syringe was connected to one three-way valve and 80 ml of air were withdrawn. 

For the analysis of CH4 concentrations, δ13C-CH4 and δ2H-CH4 values in the laboratory, samples were 

collected after 0, 15 and 30 min, and 40 ml of headspace gas was transferred into an Exetainer® 

(Labco, UK).  

 

Figure 7. (A) Schematic setup of the diffusion flux chamber and (B) application of the diffusion flux chamber in 

the field. The flux chamber consisted of a plastic body and a ring of polyethylene keeps the chamber afloat. Two 

tubes were attached to the top of the chamber to allow sampling. 

2.2.7 Ebullition 

Ebullition flux rates of CH4 were determined in field campaigns between November 2020 and August 

2021. For the measurement of ebullition fluxes, bubble traps modified after Huttunen et al. (2001) 

were employed (Figure 8A-C). They were composed of an inverted funnel, with a 15 cm diameter, that 

was connected to a syringe equipped with a three-way valve (140 ml, Monoject™) via a tube and 

sealed airtight with a plug. Additionally, a weight was installed on top of the inverted funnel to keep 

the bubble trap in a vertical position when placed in water. The length of the tube was chosen to 

position the inverted funnel in a depth of ≈ 1 m at the pelagic and slope sites. At the littoral site, the 

tube length was shorter (Figure 8B) as the water depth at this site is only 1.5 m. In November 2020, 

the bubble traps at the pelagic and slope sites were complemented with a metal frame with a diameter 

of 50 cm to create a bigger area in which gas bubbles could be collected in order to account for 

potential smaller ebullition fluxes during the mixing period compared to the stratification period. The 

frame was fitted to the bubble trap with plastic foil that was adjusted to the inverted funnel. During the 

stratification period, the metal frames were removed, and measurements took place with the initial 

setup without the metal frame.  

For the determination of the ebullition flux rates, the bubble traps were installed at the pelagic, slope 

and littoral sites. When placing the traps into the water the three-way valves were open to let the air 

within the bubble trap and syringe escape. Once the trap was completely filled with water, the three-
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way valve was closed under water and left in place to collect gas bubbles ascending from the 

sediment. The bubble traps were always sampled at the next field campaign accounting for sampling 

durations between 13 to 36 days. The sampling was conducted via a gas tight syringe that was 

connected to the three-way valve of the bubble trap. Accumulated gas bubbles that replaced water 

within the trap were extracted while the volume was measured by using the scale of the employed 

sampling syringe. The ebullitive flux rates were then calculated as described in section 2.6.11. 

Methane concentrations, δ13C-CH4 and δ2H-CH4 values of ebullitive CH4 were determined in 

November 2020 and September 2021. Therefore, samples of gas bubbles were acquired by dropping a 

gravity corer into the sediment to release gas bubbles from the sediment (Figure 8D-E). Released gas 

bubbles were then collected at the surface using a bubble trap. Collected samples in the bubble trap 

were then transferred into 12 ml Exetainers® (Labco, UK) and analysed in the laboratory. This 

method was only used at the littoral and slope sites as it was not possible to collect gas bubbles at the 

surface of the pelagic site.   

 

 

Figure 8. (A-C) Schematic setup of the bubble traps. The bubble traps consisted of an inverted funnel connected 

to a syringe, which was equipped with a three-way valve, via a plastic tube. A weight fitted atop of the inverted 

funnel ensured a vertical position when placed in water. (A) The bubble trap fitted with a short plastic tube was 

used at the shallow littoral site, (B) the bubble trap fitted with the longer plastic tube was used at the deeper 

pelagic and slope sites and (C) the bubble trap which was complemented with a metal frame to extent its surface 

area was used during the measurement of ebullition flux rates during November 2020. A schematic overview of 

the method used for (D) generating gas bubbles with a weight and catching gas bubbles at the slope site and (E) 

generating gas bubbles using a rudder and catching gas bubbles at the littoral site. 
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2.3 Stable isotope definitions and applied stable isotope techniques 

2.3.1 Definition of stable isotope values and isotope fractionation 

In the investigations of this study, a particular focus lay on the stable carbon and hydrogen isotope 

composition of CH4. Stable isotopes are of great use and an important tool to investigate CH4 cycles 

and sources in diverse ecosystems as different CH4 sources and formation or degradation processes are 

often characterised by unique isotopic signatures and distinct changes in the stable isotopic 

composition, respectively (e.g., Hayes, 2001).  

In the present study the 13C- and 2H- isotope ratios are reported in the conventional “delta notation” 

(Eq. (4)) and expressed in the recommended terms after Coplen (2011). The “delta notation” is defined 

as the difference of the ratio of the heavy ( 𝐸𝑖 ) to the light isotope ( 𝐸)
𝑗

 of a sample                  

(𝑅( 𝐸𝑖 / 𝐸)
𝑗

 sample) compared to the difference in the ratio of the heavy to the light isotope of an 

international measurement standard (𝑅( 𝐸𝑖 / 𝐸)𝑗
 standard). The reference material for carbon isotopes 

is Vienna Peedee Belemnite (V-PDB) and Vienna Standard Mean Ocean Water (V-SMOW) for 

hydrogen isotopes. 

 δ 𝐸𝑖  = 
𝑅( 𝐸𝑖 / 𝐸)

𝑗
 sample

𝑅( 𝐸𝑖 / 𝐸)
𝑗

 standard

 – 1 (4) 

In order to characterise the distribution of the stable isotope composition of an educt and product, e.g., 

the oxidation of the educt CH4 to the product CO2 during MOx, the isotope fractionation factor α 

(Eq. (5)) and isotope fractionation ε (Eq. (6)) are introduced. Both isotope fractionation factor and 

isotope fractionation allow the interpretation of stable isotope effects that occur during reactions and 

are in some cases, also characteristic for certain pathways, e.g., the formation of CH4 during 

methanogenesis via the hydrogenotrophic or acetoclastic pathway. Please note that changes in the 

isotopic values of a compound during reactions are often very complex and part of numerous or still 

unknown pathways. Therefore, in this study α and ε are referred to as the apparent fractionation factor 

and the apparent fractionation in order to account for this uncertainty as suggested by Coplen (2011). 

Besides, α and ε also 𝛬, which is defined as the ratio of isotopic fractionation between carbon and 

hydrogen (𝜀𝐻/𝜀𝐶) of CH4 during MOx is introduced (Eq. (7)). 

 𝛼 𝐸𝑒𝑑𝑢𝑐𝑡/𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑖  = 

𝑅( 𝐸𝑖 / 𝐸)𝑗
 educt

𝑅( 𝐸𝑖 / 𝐸)𝑗
 product

 (5) 

 𝜀 𝐸𝑒𝑑𝑢𝑐𝑡/𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑖 = 𝛼 𝐸𝑒𝑑𝑢𝑐𝑡/𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑖 − 1 (6) 

 𝛬 =  𝜀𝐻/𝜀𝐶 (7) 
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2.3.2 Keeling plot method for determining δ13C- and δ2H-CH4 source values from 

water surface methane emissions 

Isotopic source values of released CH4 via diffusion cannot be measured directly with the applied 

method (section 2.2.6 for method description), as at the beginning of flux measurements, atmospheric 

air with a background mixing ratio of ≈ 1.8 ppmv, and atmospheric δ13C-CH4 and δ2H-CH4 values are 

already present in the headspace of the floating chamber. Thus, the δ13C-CH4 and δ2H-CH4 source 

values of CH4 released via diffusion at the atmosphere-water interface were determined using the 

keeling plot method (Keeling, 1958) (Eq. (8)).  

 δ Ea = cb(𝑖 δ Eb -
i  δ Es 

i ) (
1

ca

) + δ Es
i  (8) 

where ca is the headspace CH4 mixing ratio of the floating chamber, δ Ea
𝑖  the δ13C or δ2H value of 

CH4, cb the headspace CH4 mixing ratio of background CH4 present in the floating chamber prior to 

the start of diffusion measurements, δ Eb 
i

 the δ13C or δ2H values of CH4 in the background, and δ Es
i

 

the δ13C-CH4 or δ2H-CH4 source value.  

The keeling plot method is based on mass conservation and applied to account for the mixture of 

background CH4 mixing ratios with a certain stable isotope composition and an additional CH4 source 

characterised by another stable isotope composition. In this study the additional CH4 source is 

diffusive CH4 emissions at the water-air interface. Application of Eq. (8) allows to determine the 

δ13C-CH4 and δ2H-CH4 source values of CH4 released via diffusion. Based on Eq. (8), a linear 

regression was used to estimate stable isotope source values of CH4. Here, the inverse CH4 mixing 

ratios of the individual sampling points at the x-axis were plotted against their δ13C- or δ2H-CH4 

values at the y-axis and a linear regression was employed. The intercept of this linear regression with 

the y-axis, then represents the δ13C- or δ2H-CH4 source value as in this scenario the proportion of CH4 

originating from the additional source is very large (1/[CH4] = 0) and therefore equals the δ13C- or 

δ2H-CH4 source value of the additional source.  

δ13C-CH4 and δ2H-CH4 source signatures were calculated at the pelagic, slope and littoral sampling 

sites for all campaigns in which diffusion rates and δ13C-CH4 and δ2H-CH4 values of the individual 

diffusion samples were analysed (Table A 1 for an overview of the campaigns in which the δ13C-CH4 

and δ2H-CH4 source signatures of CH4 via diffusion were examined). Results of the keeling plot 

method are then given after the linear regression to Eq. (8) as the intercept of the three individual 

sample points (of the floating chamber measurement) with the standard error of the linear regression. 

Determination coefficients (R2) of the keeling plots were usually > 0.9.   
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2.3.3 The use of stable isotope labelling to identify precursor compounds of methane 

and determine rates of aerobic methane oxidation 

Another frequently used stable isotope technique is stable isotope labelling in order to identify 

precursor compounds of CH4 (e.g., 13C-labelled methyl phosphonate or 2H-labelled methionine) or to 

measure CH4 oxidation rates by using 13C-labelled CH4. The basic principle of the stable isotope 

labelling concepts is outlined below, while more detailed information is provided in sections 2.5.2 and 

2.5.3. In this study, stable isotope labelling was used in the scope of two incubation experiments. In 

the first incubation experiment, isotopically labelled compounds were supplemented to aliquots of 

sampled lake water. After the incubation experiment was finished, it was investigated whether a part 

of the isotopic labelling could be found in the stable isotope composition of CH4. This was verified by 

an increase in δ13C-CH4 or δ2H-CH4 values. Therefore, an increase indicated that the isotopically 

labelled compound(s) were potential precursor(s) of CH4 at Lake Willersinnweiher. 

In the second incubation experiment 13C-labelled CH4 was supplemented to aliquots of sampled lake 

water. With this experiment it was investigated if a part of the 13C-labelled CH4 was converted to 

13C-CO2 during MOx. Aerobic methane oxidation occurring during the incubation experiment were 

indicated by increased δ13C-CO2 values of dissolved CO2. The increase of δ13C-CO2 values after 

different incubation periods could furthermore be used to determine MOx rates.  

On the one hand, these stable isotope labelling techniques are very useful to overcome analytical 

hurdles as changes in stable isotope values provide a deeper understanding of biogeochemical cycling 

of CH4. Therefore, stable isotope labelling was used to identify small CH4 sources or oxidation rates of 

CH4 where the amount of formed or oxidized CH4 cannot be detected via concentration measurements 

alone, e.g., due to high background CH4 concentrations. On the other hand, stable isotope labelling is 

often used to gain deeper insights into the processes of CH4 formation and identifying precursor 

compounds of CH4 and therefore contributes to a better understanding of occurring mechanisms and 

pathways. Thus, stable isotope labelling has been used in numerous studies to demonstrate CH4 

emissions and different potential precursor compounds from vegetation, cyanobacteria, and algae (e.g., 

Bižić et al., 2020a; Lenhart et al., 2016; Hartmann et al., 2020; Lenhart et al., 2015).  

2.4 Laboratory analysis 

2.4.1 Analysis of methane and carbon dioxide concentrations  

A GC-FID (14B GC-FID Shimadzu, Japan) was used to determine headspace CH4 concentrations in 

the gas samples of the water column, groundwater, and diffusion between 100 ppbv to 50 ppmv. Prior 

to entering the GC-FID system using a gas tight syringe, the gas sample was passed through a 

chemical trap filled with Drierite® (calcium sulphate) to remove water from the sample. The sample 
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was then introduced into the analytical system through a six-port valve and a 2 ml sample loop. The 

GC-FID was equipped with a stainless-steel column with a length of 2 m, and an inner diameter of 

1/8 inches, where CH4 was separated from other gas compounds. The column was filled with a 

60-80 mesh molecular sieve 5A. The GC oven was operated at a constant temperature of 125 °C. 

Methane was quantified using two reference standards with known CH4 concentrations of 

2192 ± 5 ppbv and 9655 ± 53 ppbv in synthetic air and were measured daily in triplicate. 

For the analysis of samples with CH4 concentrations exceeding 50 ppmv, a GC-2010 Plus GC coupled 

to a barrier discharge ionization detector (GC-BID, Shimadzu, Japan) was used. An aliquot of 50 µl of 

the gas samples was injected into the system by an autosampler (split injection 5:1). The GC was 

equipped with 80/100 mesh ShinCarbon ST packed column with a length of 2 m and a diameter of 

0.53 mm. The following temperature program of the GC oven was applied: the initial temperature of 

30 °C was held for 6.5 min, then, with a rate of 10 °C min-1, the GC oven temperature increased until 

it reached 75 °C and afterwards the oven temperate was regulated to increase at a rate of 30 °C min-1 

to reach 180 °C. For quantification purposes, the GC-BID was calibrated using several reference 

standards with different concentrations for CH4 (50, 100, 400, 600, 1000 ppmv and 0.5, 1, 2.5, 25, 49, 

60, 73 % and 97 % by volume). All reference standards were measured as triplicates. For quality 

control, a 1000 ppmv CH4 reference standard gas was measured after every 6 to 9 single 

measurements. 

2.4.2 Analysis of stable carbon and hydrogen isotope values of methane and dissolved 

inorganic carbon  

A DeltaPlus XL isotope ratio mass spectrometer (IRMS, ThermoFisher Scientific, USA) was used to 

analyse ẟ13C-CH4, ẟ
2H-CH4 and ẟ13C-DIC values in lake water, pore water, diffusion, and ebullition 

samples. The IRMS was coupled to a HP 6890N GC (Agilent Technologies, USA) and a GC 

Combustion III Interface (GC-C; ThermoFisher Scientific, USA) via an oxidation reactor and a 

reduction reactor. The oxidation reactor (length: 320 mm, inner diameter: 1.0 mm) consisted of a 

ceramic tube filled with Ni/Pt wires activated by O2 and was operated at a reactor temperature of 960 

°C. The reduction reactor (length: 320 mm, inner diameter: 1.0 mm) consisted of a ceramic tube at a 

temperature of 1450 °C for high temperature conversion (HTC) for stable carbon and hydrogen 

isotope analysis, respectively. A CP-PoraPLOT Q capillary column (Varian, Palo Alto, USA) with a 

length of 27.5 m, an inner diameter of 0.25 mm and a film thickness of 8 µm was installed in the GC. 

A cryogenic pre-concentration unit was connected to the GC-C-IRMS system for ẟ13C-CH4 and 

ẟ2H-CH4 measurements, whereas for ẟ13C-DIC analysis (headspace CO2 of the samples prepared as 

described in section 2.2.3) an A200S autosampler (CTC Analytics, Switzerland) was applied (similar 

as described in Schroll et al., 2020). 
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For ẟ13C-CH4 and ẟ2H-CH4 analysis gaseous samples first passed a chemical trap filled with Ascarite® 

to remove CO2. Then, gas samples entered the pre-concentration unit via an evacuated 40 ml sample 

loop. The pre-concentration unit consisted of cold traps cooled by liquid nitrogen, removed water and 

compounds with a freezing point above -150 °C and then trapped CH4 on the polymer HayeSep D. 

Afterwards, the gas sample was exposed to room temperature, which caused a release from the 

HayeSep D, and then entered the GC. In the GC, CH4 was separated from other gaseous compounds in 

the capillary column and afterwards transferred to the IRMS.  

Carbon dioxide with a δ13C-CO2 value of -23.6 ‰ was used as a monitor gas (carbon dioxide 4.5, 

Messer Griesheim, Germany). Before and after the measurement of samples, two working standards 

with ẟ13C-CH4 values of -42.32 ‰ and -66.35 ‰ and ẟ2H-CH4 values of -190.6 ‰ and –149.9 ‰ 

(Isometric instruments, Victoria, Canada), respectively, were measured. The two working standards 

were calibrated against reference substances from the National Institute of Standards and Technology 

(NIST) and International Atomic Energy Agency (IAEA). The sample values were then normalized 

according to Paul et al. (2007). H3
+ factors were measured weekly and were in the range of 2.4 to 3.7 

during the measurement period. 

2.4.3 Analysis of major and trace elements 

The concentration of dissolved cations of calcium (Ca2+), iron (Fe2+), potassium (K+), magnesium 

(Mg2+), manganese (Mn2+) and sodium (Na+) in the water samples were analysed using an Inductively 

Coupled Plasma Optical Emission Spectrometer (ICP-OES 720, Agilent Technologies, USA). The 

relative standard deviations of each element were below 2 % and were determined from the 

measurement of the reference material SPS-SW during the analysis of the water samples. Dissolved 

anion concentrations (SO4
2-, NO3

-, chloride) in water samples were measured by ion chromatography 

(Dionex™ ICS-1100 Ion Chromatography System, ThermoFisher Scientific, USA). The reference 

material SPS-NUTR-WW1 was analysed for quality control and yielded relative standard deviations 

for each element below 3 %. Concentrations of DIC were determined using a TOC-V CPH (Shimadzu, 

Japan). During the analysis, the water sample was acidified in a reactor to convert all inorganic carbon 

into CO2 according to the bicarbonate buffer system. Calibration of the TOC-V-CPH was achieved by 

repeated analysis of an in-house standard solution prior measurement. The concentrations of S2- and 

NH4
+ in lake water, pore water and groundwater samples were measured using a photometer (DREL 

2800, Hach, USA) and the Spectroquant® Sulphide Reagent Test (Merck, Germany). Analysis took 

place immediately after return from the sampling campaign (within 2 to 4 h after sampling). For 

quality control of the major and trace element analysis, the ionic balance of each sample was 

determined. Ionic balance errors generally showed values below 5 %. 
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2.5 Incubation experiments 

2.5.1 Determination of Λ, the ratio between stable carbon and hydrogen isotope 

fractionation during aerobic methane oxidation 

The ratio of stable carbon and hydrogen fractionation due to MOx in the water column was examined 

by an incubation experiment with lake water collected at the pelagic site from a depth of 6 m in July 

2021. To determine zones of MOx in the water column, O2 saturation-depth profiles acquired by Exo1 

multiparameter probe measurements (section 3.2.1) as well as CH4 concentration profiles of the water 

column examined a day prior to sampling were considered. The sampled water depth was chosen 

based on the declining CH4 concentrations in the water column and O2 concentrations exhibiting 

concentrations higher than 50 % compared to surface water so that MOx would not be limited due to 

lack of O2 during incubation. Lake water from the chosen depth was sampled by a submersible pump 

(COMET-Pumpen Systemtechnik GmbH &Co. KG, Germany), filled into autoclaved 2 l glass bottles 

(Schott, Germany), and stored dark and cool until transported to the laboratory (within 2 h after 

sampling). In the laboratory, aliquots of the sample were transferred into 120 ml glass vials so that no 

gas bubbles were present and sealed with a crimp lid containing a rubber butyl septum. Until analysis, 

samples were kept in a climate cabinet with a temperature of 15 °C and in darkness, resembling 

environmental conditions in the water column of the lake. During the incubation period, the water 

samples were analysed in triplicates and at three points in time: at the start of the incubation period 

and after 3 and 20 days. Analysis of CH4 was conducted similar to the headspace method as described 

in section 2.2.3. First a 50 ml He headspace was created in the glass vials. Then, the glass vials were 

vigorously shaken for 1.5 min and headspace was drawn from the vial, while simultaneously injecting 

deionized water to keep pressure conditions in the vial constant and hence to not affect dissolved CH4 

concentrations or its stable isotope values. The gas samples were then introduced into 12 ml 

Exetainers® (Labco, UK) until analysis of CH4 concentrations, δ13C-CH4 and δ2H-CH4 values was 

conducted.  

2.5.2 Determination of aerobic methane oxidation rates via incubation with 13C-

labelled methane 

Incubation experiments were conducted in order to investigate and quantify rates of MOx in the oxic 

water column in July, September, October 2020 and March, July, September 2021 similar to Oswald 

et al. (2015). To determine the depth of MOx occurring in the water column, O2 saturation-depth 

profiles acquired by Exo1 multiparameter probe measurements as well as CH4 concentration profiles 

of the water column examined a day prior to sampling were considered. Based on these findings, water 

samples from depths between 1 m and 9 m obtained by a submersible pump (COMET-Pumpen 

Systemtechnik GmbH &Co. KG, Germany) were filled into 250 ml glass bottles (Schott, Germany), 
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which were sealed with a lid containing a septum. In the laboratory, 3 ml of 99 % 13C-labelled CH4 

were added with a syringe through the septum of the lid after creating a headspace of 30 ml He gas in 

the bottles. This resulted in final dissolved CH4 concentrations of ≈ 30 µM in the water samples of 

each bottle, which was about 100 times higher than “natural” concentrations in the water column. 

Thus, please note that MOx rates reported in this study represent rates of potential MOx, as actual 

MOx rates in the water column might have differed due to lower dissolved CH4 concentrations. After 

13C-labelled CH4 was added, the samples were shaken for 2 min to equilibrate CH4 between the 

headspace and water sample. The water was then extracted from the glass bottles through the septum 

using a syringe, while He gas was injected. The water was filled into a 12 ml Exetainers® (Labco, 

UK) until they were completely filled and gas bubble free. The samples were stored dark and at 

temperatures similar to the ones in water column of Lake Willersinnweiher during the incubation 

period. Sampling was performed five times including the initial sample, and samples were incubated 

between 45 to 140 h in total. In this experiment, MOx rates were determined by production of 

13C-CO2, which was formed from the 13C-labelled CH4 during MOx. According to the bicarbonate 

buffer system, formed CO2 reacts with water to carbonic acid (H2CO3), which dissociates in two steps 

to bicarbonate (HCO3
-) and carbonate (CO3

2-). The sum of CO2, HCO3
- and CO3

2- is defined as DIC, 

and the proportion of each species in water is dependent on the respective pH value. As 13C-CO2 

produced during MOx is comprised to DIC, its concentration as well as ẟ13C-DIC values of the 

samples were analysed with the methods described in sections 2.2.3 and 2.4.2. At the chosen 

incubation time, 10 ml of the sample was filtered through a 0.2 μm poresize filter, filled into another 

12 ml Exetainer® (Labco, UK), and topped up with deionized water for DIC concentration analysis. 

Deionized water was added to the sample, as a non-equilibrium state between CO2 in the sample and a 

potential headspace might alter DIC concentrations and δ13C-DIC values. Additionally, 1 ml of sample 

was filtered into a 3 ml glass vial and prepared for ẟ13C-DIC measurements in the same way as water 

column and pore water samples.  

2.5.3 Incubation with 13C and 2H-labelled methylated compounds  

In order to determine potential precursor compounds of CH4 in the oxic water column of Lake 

Willersinnweiher, incubation experiments with lake water supplemented with 13C-labelled MPn and 

2H-labelled MA, TMA and MET were conducted. Methane formation from one of these potential 

precursor compounds was inferred from incorporation of 13C or 2H into the CH4 pool. The phosphonate 

MPn was investigated, as it has been reported to be a precursor compound of CH4 in the oceans by 

various studies (e.g., Karl et al., 2008; Repeta et al., 2016), while the amines MA and TMA were also 

investigated for their potential to act as CH4 precursors in the aquatic environment according to several 

studies (Bižić-Ionescu et al., 2018; Wang et al., 2021). The amino acid MET was examined, as its role 

as a precursor of CH4 has been linked to several CH4 sources in aquatic as well as terrestrial 

environments (Lenhart et al., 2012, 2015, 2016).  
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Incubation experiments were executed in July 2020 for 13C-labelled MPn and in September 2021 for 

2H-labelled MA, TMA and MET (Table A 1). Based on CH4 concentration measurements in the water 

column of the pelagic site a day prior to sampling, water samples were collected just below the 

thermocline, where elevated CH4 concentrations were found compared to the surface water. Water 

samples were taken using a submersible pump (COMET-Pumpen Systemtechnik GmbH &Co. KG, 

Germany) and transferred into 2 l glass bottles (Schott, Germany) that were autoclaved prior to 

sampling. Samples were immediately transported into the laboratory and transferred bubble free into 

50 ml glass vials, which were closed with a lid containing a septum. Additionally, controls were 

generated by filtering aliquots of the water samples through a 0.2 µm filter before being transferred 

into the glass vials. Afterwards, the different potential precursor compound solutions were added to 

separate vials to generate the different treatments “water”, “water filtered”, “water + precursor”, and 

“water + precursor filtered”. The final concentration and isotope labelled proportion of the compounds 

in each glass vial after supplementation was 50 nmol l-1 of 5 % 13C-labelled MPn, 100 µmol l-1 of 

99 % 2H-labelled MA, 118 µmol l-1 of 99 % 2H-labelled TMA and 28 µmol l-1 of 99 % 2H-labelled 

MET. All treatments were prepared in triplicates except for filtered samples which included only 

single samples. During incubation, the samples were kept in a climate cabinet with temperatures 

resembling those of the water column of the sampled depth. Sampling of gas was performed four 

times including initial sampling for MPn during a total incubation period of 190 h and two times for 

MA, TMA and MET during the incubation period of 275 h. Analysis of CH4 was conducted similar to 

the headspace method as described in section 2.2.3. First a 25 ml He headspace was created in the 

glass vials via a syringe. Then, the glass vials were vigorously shaken for 1.5 min and headspace was 

drawn from the vial while simultaneously injecting deionized water to keep pressure conditions in the 

vial constant and hence to not affect dissolved CH4 concentrations or its isotopic values. The gas 

samples were then introduced into 12 ml Exetainers® (Labco, UK) until analysis of CH4 

concentrations and analysis of δ13C-CH4 and δ2H-CH4 values were conducted. 

2.6 Calculations 

2.6.1 Ionic balance 

In order to qualitatively control the results of total dissolved ion composition in water samples, the 

ionic balance (IB) was calculated as the sum of major cation and anion concentrations (Eq. (9)). 

 𝐼𝐵 =  
∑ 𝑐𝑎𝑡𝑖𝑜𝑛𝑠 − ∑ 𝑎𝑛𝑖𝑜𝑛𝑠

∑ 𝑐𝑎𝑡𝑖𝑜𝑛𝑠 + ∑ 𝑎𝑛𝑖𝑜𝑛𝑠
 [x 102] (9) 

where ∑ 𝑐𝑎𝑡𝑖𝑜𝑛𝑠 /𝑎𝑛𝑖𝑜𝑛𝑠 is given in [meq l-1] and corresponds to the sum of cations and anions in the 

sample, respectively. Deviations in the ionic balance were usually below 5 %, indicating good quality 

of analyses and a comprehensive acquisition of dissolved ions in the water samples.  
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2.6.2 Dissolved methane concentrations 

Methane concentrations in water samples were calculated based on Henry’s law. It describes that the 

partial pressure of a gas above the water is proportional to its dissolved concentration (Sander, 2015). 

This is expressed by the solubility coefficient (𝐾) [dimensionless] of CH4, which is dependent on 

temperature and salinity of the water and was used after Yamamoto et al. (1976). The total volume of 

dissolved CH4 within the sample (𝑉𝑡𝑜𝑡
𝐶𝐻4) [ml] was calculated by using Eq. (10). 

 
𝑉𝑡𝑜𝑡

𝐶𝐻4 =  𝑉𝐻𝑆
𝐶𝐻4 ∗ (

𝑉𝑎𝑞

𝑉𝐻𝑆
∗  𝐾 + 1) (10) 

where 𝑉𝐻𝑆
𝐶𝐻4 [ml] is the volume of CH4 in the headspace and 𝑉𝑎𝑞/𝐻𝑆 [ml] correspond to the volume of 

water and headspace, respectively. Subsequently, the concentration of CH4 (𝑐𝐶𝐻4
) [µmol l-1] within the 

water was determined based on the ideal gas equation (Eq. (11)): 

 
𝑐𝐶𝐻4

=
𝑝 ∗ 𝑉𝑡𝑜𝑡

𝐶𝐻4  

𝑅 ∗  𝑇 ∗ 𝑉𝑎𝑞
 (11) 

where p corresponds to the atmospheric pressure [bar], R to the ideal gas constant [bar l mol-1 K-1], and 

T [K] to the according temperature. For the determination of CH4 concentrations within the pore water 

of the lake sediment, the porosity and water content of the sediment were considered by weighing the 

sediment before and after drying for at least 48 h at 105 °C. 

2.6.3 Fluxes in the water column and sediment 

The pore water and water column fluxes of CH4, O2, Mn2+, DIC, SO4
2- and S2- were calculated based 

on concentration changes with depth and presuming steady-state conditions using Fick’s first law 

(Eq. (12)).  

 𝐽 =  − 𝐷𝑊 ∗ 
𝜕𝑐

𝜕𝑥
 (12) 

where J [mmol m-2 s-1] corresponds to the diffusive flux, 𝑐 [mol m-3] to the concentration and x [m] to 

the sediment/water depth. Dw [m2 s-1] is the diffusion coefficient for each individual compound in 

water calculated after Boudreau (1997).  

For the calculation of pore water fluxes (Eq. (13)), the porosity ∅ [dimensionless] of the sediment was 

included. Furthermore, the diffusion coefficient of pore water Ds was determined using Eq. (14) based 

on the porosity dependent tortuosity 𝜃 [dimensionless] (Eq. (15)). 
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𝐽 =  − ∅ ∗ 𝐷𝑠 ∗ 

𝜕𝑐

𝜕𝑥
 (13) 

 
𝐷𝑆 =  

𝐷𝑊

𝜃2
 (14) 

 𝜃 = 1 − ln(∅2) (15) 

The release of CH4 at the sediment-water interface was calculated using concentration changes in the 

upper 3 cm of the sediment. Sedimentary consumption and production rates were determined based on 

local fluxes in zones of the sediment where the concentrations of CH4, SO4
2- and S2- changed 

considerably. 

2.6.4 Mass balance calculations for the estimation of oxic methane production rates 

For the estimation of OMP rates at Lake Willersinnweiher, a mass balance for CH4 in the epilimnion 

was calculated after Donis et al. (2017) (Eq. (16)). This approach was only used for months in which 

CH4 flux rates at the sediment-water interface of the littoral site and CH4 diffusion flux rates from the 

surface water into the atmosphere were recorded (August/October 2019, January/May/July/October 

2020, March 2021). Aerobic methane oxidation rates as well as dissolution of CH4 from ebullition in 

these months were estimated from values obtained during corresponding months in 2021. Based on the 

assumption of steady-state conditions (
𝜕𝐶

𝜕𝑡
 = 0), the mass balance approach included lateral input of 

CH4 from diffusion (𝐹𝐿 𝑑𝑖𝑓𝑓) and ebullition (𝐹𝐿 𝑒𝑏𝑢) from sediments of the littoral area (𝐴𝑠), fluxes of 

CH4 from the metalimnion into the epilimnion ( 𝐹𝑧), input of CH4 rich groundwater with the flow rate 

of inflowing groundwater (𝑄𝐺) and its CH4 concentration (𝐶𝐺 ), a CH4 source assumed to be OMP 

(𝑃𝑛𝑒𝑡) within the water volume of the epilimnion (∀), 𝑀𝑂𝑥 in the epilimnion and the diffusive CH4 

flux (𝐹𝑠) across the planar lake area (𝐴𝑝). An overview of the parameters, values and units used in the 

mass balance are given in Table 1. Lateral input from dissolution from uprising gas bubbles released 

via ebullition was estimated to be 10 % from the overall ebullition flux rates (after Figure 15 within 

McGinnis et al. (2006)) depending on the release depth of gas bubbles and average gas bubble 

diameters, which could not be determined in the scope of this study. Uncertainties for the calculation 

of 𝑃𝑛𝑒𝑡  via the mass balance approach were estimated by including a 10 % uncertainty in all relevant 

parameters such as 𝐹𝐿 𝑑𝑖𝑓𝑓, 𝐹𝐿 𝑒𝑏𝑢 ,  𝐹𝑧, 𝐶𝐺 , 𝑀𝑂𝑥 and 𝐹𝑠. These estimated uncertainties were chosen in 

order to account for spatial and temporal variations of these parameters. 

 

 𝜕𝐶

𝜕𝑡
∀ =  𝐴𝑠(𝐹𝐿 𝑑𝑖𝑓𝑓 + 𝐹𝐿 𝑒𝑏𝑢) + 𝐴𝑝  𝐹𝑧 + 𝑃𝑛𝑒𝑡∀ +  𝑄𝐺  𝐶𝐺 − (𝑀𝑂𝑥∀ + 𝐴𝑝𝐹𝑠) (16) 
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Table 1. Overview of CH4 mass balance parameters applied for Lake Willersinnweiher based on the assumption 

of steady-state conditions.  

Parameter Description Value Units 

𝜕𝐶

𝜕𝑡
 

Changes in CH4 surface 
concentrations 

0 mmol d-1 

∀ Volume of surface mixed layer Derived from epilimnion depth m3 

𝐴𝑠 
Sediment surface in contact with 
littoral sediments 

Derived from epilimnion depth m2 

𝐴𝑝 Planar lake area 1.7 *105 m2 

𝐹𝐿 𝑑𝑖𝑓𝑓 Diffusion flux from littoral sediments Obtained from section 3.1.2 mmol m-2 d-1 

𝐹𝐿 𝑒𝑏𝑢  Ebullition flux from littoral sediments Obtained from section 3.5.2 mmol m-2 d-1 

𝐹𝑠 Diffusion flux to atmosphere Obtained from section 3.5.1 mmol m-2 d-1 

 𝐹𝑧 
Diffusion from metalimnion to 

surface mixed water layer 
Obtained from section 3.2.4 mmol m-2 d-1 

𝑄𝐺 Flow rate of inflowing groundwater 
Obtained from Wollschläger et 

al.(2007) 
m-3 d-1 

𝐶𝐺  
CH4 concentration of inflowing 

groundwater 
Obtained from section 3.3 mmol m-3 

𝑃𝑛𝑒𝑡  Aerobic CH4 production - mmol m-3 d-1 

𝑀𝑂𝑥 CH4 oxidation rate Obtained from section 3.2.6 mmol m-3 

2.6.5 Rates of aerobic methane oxidation  

Aerobic methane oxidation rates were determined using the results of DIC concentrations and 

ẟ13C-DIC values of the incubation experiment (section 2.5.2). The CH4 oxidation rate equals the 

production rate of 13C-CO2 from 13C-CH4 since during MOx CH4 is oxidized to CO2. The enrichment 

in 13C-CO2 therefore corresponds to the oxidation of CH4 at a ratio of 1:1. First, the ẟ13C value of the 

added 13C-labeled CH4 (𝛿13𝐶𝐿𝑎𝑏𝑒𝑙
𝐶𝐻4 ) [‰] was calculated as follows (Eq. (17)): 

 𝛿13𝐶𝐿𝑎𝑏𝑒𝑙
𝐶𝐻4 = (

1

1 − 𝐶13 − 1) ∗ 
1

𝑅𝑉𝑃𝐷𝐵
− 1 [* 103] (17) 

, where 𝑅𝑉−𝑃𝐷𝐵 corresponds to the carbon isotopic ratio of the reference standard V-PDB and 𝐶13  to 

the fraction of 13C-CH4 within the sample after adding 13C-labeled CH4. Therefore, the amount of 

13C-labelled CH4 added to the sample (𝑐𝑎𝑞) must be known. The latter was calculated by using 

Eq. (18).  

 
𝑐𝑎𝑞 =  

𝑚𝐶𝐻4

𝑉𝐻𝑆

𝐾𝐶
+  𝑉𝑎𝑞

∗
1

𝑀
 

(18) 

where 𝑚𝐶𝐻4
 [g] is the mass of CH4 added and 𝑉𝐻𝑆/𝑎𝑞 [l] to the volume of He headspace and water in 

the sample, respectively. 𝑀 is the molar mass of CH4 [g mol-1] and 𝐾𝐶  the solubility coefficient for 

CH4. 𝑚𝐶𝐻4
 was calculated as follows (Eq. (19)): 
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𝑚𝐶𝐻4

=  
𝑉𝐶𝐻4

𝑀 𝑥 𝑉𝑀
 (19) 

where 𝑉𝐶𝐻4
 [l] is the volume of added 13C-labeled CH4 gas to the sample and 𝑉𝑀 the molar volume of 

an ideal gas at standard temperature and pressure [l mol-1]. The solubility coefficient 𝐾𝐶  is determined 

according to the equation (Eq. (20)). 

 
𝐾𝐶 = 𝐻 ∗  𝑅 ∗  𝑇 (20) 

where 𝐻 corresponds to the Henry constant of CH4 according to Sander (2015) [mol l-1 bar1], 𝑅 to the 

ideal gas constant [bar l mol-1 K-1], and 𝑇 to the temperature [K]. 

The produced 13C-DIC during the incubation experiment was then calculated from the increase of the 

13C proportion in the DIC pool of the incubated water samples (Eq. (21)).    

 𝐶-𝐷𝐼𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
13 = 𝑐𝐷𝐼𝐶 ∗ [(

𝑛13𝐶-𝐷𝐼𝐶

𝑛12𝐶-𝐷𝐼𝐶 + 𝑛13𝐶-𝐷𝐼𝐶

)
𝑡𝑛

− (
𝑛13𝐶-𝐷𝐼𝐶

𝑛12𝐶-𝐷𝐼𝐶 + 𝑛13𝐶-𝐷𝐼𝐶

)
𝑡0

]  (21)  

where 𝐶-𝐷𝐼𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
13  [mmol l-1] is the produced DIC during the incubation experiment at the point 

in time tn, 𝑐𝐷𝐼𝐶  the concentration of DIC [mmol l-1] in the water sample, and 𝑛12/13𝐶-𝐷𝐼𝐶  the amount of 

substance of 12C-DIC or 13C-DIC in the water sample at the respective time point (tn) and the start of 

the incubation (t0).  

The MOx rate was obtained from the slope of the linear regression between the produced 13C-DIC and 

the incubation time. For the linear regression, only sample points were chosen in which the increase of 

produced 13C-DIC was linear. Each sample point of the incubation experiment was conducted in 

triplicates for the analysis of DIC concentrations and δ13C-DIC values, except for July and 

September 2021, where DIC concentrations and δ13C-DIC values consisted of single measurements. 

Uncertainties of the MOx rates are given by the standard error of the linear regression. 

2.6.6 Stable carbon isotope fractionation factors during methanogenesis  

The apparent carbon isotopic fractionation factor 𝛼𝐶𝐻4−𝐶𝑂2 between δ13C-CH4 and δ13C-CO2 during 

methanogenesis in the sediment was calculated after Eq. (22). 𝛼𝐶𝐻4-𝐶𝑂2 values are indicative of the 

type of methanogenesis predominantly occurring in the sediment. While values between 1.050 to 

1.060 indicate acetoclastic methanogenesis, values between 1.060 to 1.090 are characteristic for 

hydrogenotrophic methanogenesis (e.g., Conrad, 2005). 𝛼𝐶𝐻4-𝐶𝑂2 values were calculated with 

δ13C-CH4 values obtained from the lower part of the sediment cores, where CH4 concentrations were 

either increasing or stagnant and no oxidation was apparent. δ13C-CO2 values were converted from 
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measured δ13C-DIC values which were examined from the pore water of the sediment cores after 

Eq. (23) (Mook, 2000). 

 𝛼𝐶𝐻4-𝐶𝑂2 =  
(𝛿 𝐶-𝐶𝑂2 + 1000)13

(𝛿 𝐶-𝐶𝐻4 + 1000)13  (22) 

 𝛿13𝐶-𝐶𝑂2 =  𝛿13𝐶-𝐷𝐼𝐶 − 8.16  ‰ (23) 

2.6.7 Stable carbon and hydrogen isotope fractionation factors during aerobic and 

anaerobic methane oxidation 

The carbon and hydrogen isotopic fractionation factor α was determined for AOM and MOx using the 

Rayleigh model for closed systems after Bastviken et al. (2002) (Eq. (24)). 

 ln(1 − 𝑓) = [ln(𝛿𝑝 + 1000) − ln(𝛿𝑂𝑥 + 1000)]/[𝛼 − 1] (24) 

where 𝑓 is the fraction of oxidized CH4, 𝛿𝑏 the δ13C-CH4 or δ2H-CH4 value of CH4 in the near-bottom 

water and the zone of CH4 production in the sediment, respectively, and 𝛿𝑂𝑥 the δ13C-CH4 or δ2H-CH4 

value of CH4 in the zone of CH4 oxidation in the anoxic sediment or the aerobic water column, 

respectively. 

2.6.8 Δ(2,13) values 

Recently, Tsunogai et al. (2020) suggested the application of a dual-isotope approach (δ13C-CH4 and 

δ2H-CH4 values) to gain substantial insight into the sources of limnic CH4 regardless of MOx. 

Thereby, the indicator ∆(2,13) [‰] was defined in order to better characterise the sources of CH4 

based on the isotopic composition of CH4 and is determined according to the equation (Eq. (25)): 

 
∆(2,13) =  𝛿 𝐻-𝐶𝐻4

2 − 𝛬 𝑥 𝛿 𝐶13 -𝐶𝐻4 (25) 

𝛬 was determined to be 9.3 ± 0.3 in an aerobic methane oxidation incubation experiment from the 

slope of the linear regression between changes in ẟ13C-CH4 and ẟ2H-CH4 values during the incubation 

experiment (section 3.2.6). It was assumed that 𝛬 was similar for anaerobic methane oxidation in the 

sediment and aerobic MOx that occurred in the water column of Lake Willersinnweiher. The 

concentration-weighted mean isotopic values and ∆(2,13) were calculated for the different water 

layers and the sediment at the three investigated sites. Summarized ∆(2,13) of the water layers are 

given along with the pooled standard deviation 𝑠𝑐 (Eq. (26)): 
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 𝑠𝑐 =  √
(𝑛1 − 1) 𝑥 𝑠1

2 +  (𝑛2 − 1) 𝑥 𝑠2
2+ . . . + (𝑛𝑘 − 1) 𝑥 𝑠𝑘

2

𝑛𝑡𝑜𝑡 − 𝑘
 (26) 

where 𝑛1 + 𝑛2+ . . . =  𝑛𝑡𝑜𝑡  is the number of ∆(2,13) values included in the summarized ∆(2,13) of 

the water layer, k the number of summarized ∆(2,13) values obtained by considering the range of 𝛬, 

and 𝑠1−𝑘  the according standard deviations. 

2.6.9 Methane formation by 13C- and 2H-labelled methylated compounds 

A mass balance approach was used to calculate the amount of substance of CH4 produced from 

13C-and 2H-labelled compounds in the incubation experiment described in section 2.5.3 (Eq. (27)): 

𝑐(𝐶𝐻4 )𝑏 ∗ 𝑖(𝐶𝐻4 )𝑏 + 𝑐(𝐶𝐻4 )𝑝 ∗ 𝑖(𝐶𝐻4 )𝑝 =  𝑐(𝐶𝐻4 )𝑡 ∗ 𝑖(𝐶𝐻4 )𝑡  (27) 

where c(CH4)b, c(CH4)p and c(CH4)t refer to dissolved CH4 concentrations in the background, produced 

CH4 produced during the incubation experiment and total CH4, respectively. The parameters i(CH4)b, 

i(CH4)p and i(CH4)t refer to the stable isotope values of dissolved CH4 in the background, produced 

CH4 during the incubation experiment and total CH4, respectively. It was assumed that total dissolved 

CH4 equals the sum of produced and background CH4 (Eq. (28)). Then Eq. (28) was inserted into 

Eq. (27) and consequently Eq. (29) was used to calculate the amount substance of CH4 formed from 

the isotopically labelled compounds. 

𝑐(𝐶𝐻4 )𝑡 =  𝑐(𝐶𝐻4 )𝑝 +  𝑐(𝐶𝐻4 )𝑏 (28) 

𝑐(𝐶𝐻4 )𝑝 =  
(𝑐(𝐶𝐻4 )𝑏 ∗  𝑖(𝐶𝐻4 )𝑡) − (𝑐(𝐶𝐻4 )𝑏 ∗ 𝑖(𝐶𝐻4 )𝑏)

𝑖(𝐶𝐻4 )𝑝 − 𝑖(𝐶𝐻4 )𝑡

 (29) 

2.6.10 Diffusion rates of methane at the water-atmosphere interface 

Methane diffusion rates at Lake Willersinnweiher were determined using a floating chamber (method 

description in section 2.2.6) measuring the increase in the CH4 mixing ratio in the headspace of the 

chamber with time using Eq. (30). 

 

 
𝐹𝑑𝑖𝑓𝑓

𝑟𝑎𝑡𝑒 =
∆𝐶𝐻4 ∗ 𝑝𝑎𝑡𝑚 ∗  𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟 ∗ 𝑐𝑓𝑡𝑖𝑚𝑒

𝑅 ∗  𝑇 ∗ 𝐴𝑐ℎ𝑎𝑚𝑏𝑒𝑟  ∗  𝑡 ∗ 𝑐𝑓𝑢𝑛𝑖𝑡
 

(30) 

where 𝐹𝑑𝑖𝑓𝑓
𝑟𝑎𝑡𝑒 [mmol m-2 d-1] is the diffusion flux rate, ∆𝐶𝐻4 [ppmv] the change of the CH4 mixing 

ratio within the headspace of the chamber, 𝑝𝑎𝑡𝑚 [bar] the atmospheric pressure,  𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟 [m3] the 

volume of the chamber, 𝑅 [bar m3 mol-1 K-1] the ideal gas constant, 𝑇 [K] the temperature, 𝐴𝑐ℎ𝑎𝑚𝑏𝑒𝑟 

[m2] the area of the chamber, 𝑡 [s] the length of deployment of the chamber, 𝑐𝑓𝑡𝑖𝑚𝑒 [d s-1] a time 
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conversion factor with a value of 86400, and 𝑐𝑓𝑢𝑛𝑖𝑡  [mmol mol-1] the unit conversion factor with a 

value of 1000. 

The overall spatial CH4 diffusion flux for whole Lake Willersinnweiher during a field campaign was 

calculated using Eq. (31).  

 𝐹𝑑𝑖𝑓𝑓 =  (𝐹𝑑𝑖𝑓𝑓 𝑝𝑒𝑙𝑎𝑔𝑖𝑐
𝑟𝑎𝑡𝑒 ∗ 𝐴𝑝𝑒𝑙𝑎𝑔𝑖𝑐 + 𝐹𝑑𝑖𝑓𝑓 𝑠𝑙𝑜𝑝𝑒

𝑟𝑎𝑡𝑒 ∗ 𝐴𝑠𝑙𝑜𝑝𝑒+ 𝐹𝑑𝑖𝑓𝑓 𝑙𝑖𝑡𝑡𝑜𝑟𝑎𝑙
𝑟𝑎𝑡𝑒 ∗ 𝐴𝑙𝑖𝑡𝑡𝑜𝑟𝑎𝑙) * 𝑐𝑓𝑢𝑛𝑖𝑡  (31) 

where 𝐹𝑑𝑖𝑓𝑓 [mol d-1] is the daily CH4 flux and 𝐹𝑑𝑖𝑓𝑓
𝑟𝑎𝑡𝑒 [mmol m-2 d-1] and 𝐴 [m2] are the diffusion flux 

rates and areas of the respective pelagic, slope and littoral zones and 𝑐𝑓𝑢𝑛𝑖𝑡  [mol mmol-1] the unit 

conversion factor with a value of 0.001. The areas of the pelagic (depth = 10 to 21 m), slope 

(depth = 4 to 10 m) and littoral (depth = 0 to 4 m) zones were adapted from bathymetric map 

calculations (Table A 3).  

2.6.11 Ebullition rates of methane 

Ebullition rates of CH4 were calculated using the measured volume of uprising gas bubbles from the 

sediment via bubble traps at the pelagic, slope and littoral sites, and their measured CH4 concentrations 

using Eq. (32).  

 
𝐹𝑒𝑏𝑢

𝑟𝑎𝑡𝑒 =
 𝑉𝑏𝑢𝑏𝑏𝑙𝑒 ∗ 𝑐𝐶𝐻4

𝑏𝑢𝑏𝑏𝑙𝑒 ∗  𝑝𝑎𝑡𝑚 ∗ 𝑐𝑓𝑢𝑛𝑖𝑡

𝑅 ∗  𝑇 ∗ 𝐴𝑏𝑢𝑏𝑏𝑙𝑒 𝑡𝑟𝑎𝑝  ∗  𝑡 
 

(32) 

where 𝐹𝑒𝑏𝑢
𝑟𝑎𝑡𝑒 [mmol m-2 d-1] is the ebullition flux rate of CH4,  𝑉𝑏𝑢𝑏𝑏𝑙𝑒 [l] the volume of bubbles caught 

with the bubble trap, 𝑐𝐶𝐻4
𝑏𝑢𝑏𝑏𝑙𝑒  [dimensionless] the CH4 concentration of uprising gas bubbles, 𝑝𝑎𝑡𝑚 

[bar] the atmospheric pressure,  𝑐𝑓𝑢𝑛𝑖𝑡  [mmol mol-1] the unit conversion factor with a value of 1000, 𝑅 

[bar l mol-1 K-1] the ideal gas constant, 𝑇 [K] the temperature, 𝐴𝑏𝑢𝑏𝑏𝑙𝑒 𝑡𝑟𝑎𝑝 [m2] the area of the bubble 

trap, 𝑡 [d] the duration of the deployment of the bubble trap. 

The overall spatial CH4 ebullition flux of whole Lake Willersinnweiher during a field campaign was 

calculated using Eq. (33). 

 𝐹𝑒𝑏𝑢 =  (𝐹𝑒𝑏𝑢 𝑝𝑒𝑙𝑎𝑔𝑖𝑐
𝑟𝑎𝑡𝑒 ∗ 𝐴𝑝𝑒𝑙𝑎𝑔𝑖𝑐 + 𝐹𝑒𝑏𝑢 𝑠𝑙𝑜𝑝𝑒

𝑟𝑎𝑡𝑒 ∗ 𝐴𝑠𝑙𝑜𝑝𝑒+ 𝐹𝑒𝑏𝑢 𝑙𝑖𝑡𝑡𝑜𝑟𝑎𝑙
𝑟𝑎𝑡𝑒 ∗ 𝐴𝑙𝑖𝑡𝑡𝑜𝑟𝑎𝑙) ∗ 𝑐𝑓𝑢𝑛𝑖𝑡  (33) 

where 𝐹𝑒𝑏𝑢 [mol d-1] is the daily CH4 flux, and 𝐹𝑒𝑏𝑢
𝑟𝑎𝑡𝑒 [mmol m-2 d-1] and 𝐴 [m2] are the ebullition flux 

rates and areas of the respective pelagic, slope and littoral zones and 𝑐𝑓𝑢𝑛𝑖𝑡  [mol mmol-1] the unit 

conversion factor with a value of 0.001. Similar to the diffusion fluxes the areas of the pelagic, slope 

and littoral zones were adapted from bathymetric map calculations (Table A 3). 
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2.7 Statistics 

Various statistical methods were used in the scope of this study to analyse the obtained data. 

Arithmetic means, standard deviations (SD; used throughout the whole study), pooled standard 

deviations (used for Δ(2,13) values; section 3.4) and linear regression analysis were performed using 

Microsoft Excel (Microsoft Office 365 MSO). Linear regression analysis was conducted for the 

determination of MOx rates (section 3.2.6), the calculation of flux rates within the water column and 

sediment (sections 3.2.4 and 3.1.2), and the determination of δ13C-CH4 and δ2H-CH4 values of CH4 

released via diffusion (section 3.5.1.2). The R square value (R2) was used to describe how well the 

linear regression model matched the input data. The standard error of the linear regression was used as 

an indicator for the uncertainty of the results of the model. P-values were obtained from unpaired two 

tailed t-tests to identify differences between the mean values of two treatment groups using the 

software SigmaPlot (SigmaPlot 12.2.0.45, Systat Software, USA). P-values were also used during 

incubation experiments with potential precursor compounds (section 3.2.6). Even though numerous 

statistical methods were used within the scope of this study, please note that as suggested by the 

American Statistical Association (ASA) the term “statistically significant” was avoided. Furthermore, 

statistical parameters (e.g. p-values) were not used as the exclusive criteria for conveying conclusions 

from the results of this study (Wasserstein et al., 2019). 
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3 Results  

Firstly, results from the investigation of the lake sediment (section 3.1) are described, followed by the 

water column (section 3.2) and groundwater (section 3.3). Finally, all investigated CH4 sources of 

Lake Willersinnweiher were characterised by the novel Δ(2,13) indicator (section 3.4), and seasonal 

CH4 emissions and their stable isotope composition of CH4 (section 3.5) are presented. 

3.1 Seasonal characteristics of pore water in the sediment 

3.1.1 Pore water parameters3 

Figure 9 shows various parameters for the profiles of water column (blue) and sediment cores (brown) 

of pelagic (A-J), slope (K-T) and littoral sites (U-AD) for two sampling dates during the stratification 

period (July 2020) and the mixing period in winter (March 2021). In this section the pore water 

parameters of the sediment sampled between May 2019 and March 2021 are described. The results of 

the parameters of the water column are subject of section 3.2.  

In the sediment CH4 concentrations ranged from 10 to 6000 µmol l-1 at all three investigates sites 

(pelagic, slope and littoral) of Lake Willersinnweiher (Figure 9 B, G, L, Q, V, AA) and were between 

50 to 10,000 times higher compared to the water column. Methane concentrations were usually 1.5 to 

50 times higher at the pelagic site compared to slope and littoral sites. In the upper part of sediment, 

decreasing CH4 concentrations towards the water sediment interface were found at all sites, while in 

the lower part of the sediment CH4 increased steadily until constant concentrations were reached. 

Measured δ13C-CH4 values were comparable for the pelagic and slope sites ranging from -80.2 ‰ to -

38.7 ‰, while at the littoral site higher values from -64.3 ‰ to -52.0 ‰ were found throughout the 

sampling period. A similar observation was made for δ2H-CH4 values at the littoral site, which showed 

more positive values compared to the deeper sites ranging from -336 ‰ to -215 ‰, while δ2H-CH4 

values at the slope and pelagic sites were more negative ranging from -344 ‰ to -80 ‰.  

Sulphate concentrations of up to 3.31 mmol l-1 in the sediment cores at all sites were characterised by a 

strong decrease in the upper part of the cores until most SO4
2- was consumed. The decrease in the 

SO4
2- concentrations was mostly accompanied by an increase in S2- concentrations in the upper part of 

the sediment cores reaching concentrations of up to 3.22 mmol l-1, 1.71 mmol l-1 and 5.47 mmol l-1 for 

the pelagic, slope and littoral site, respectively. Dissolved inorganic carbon concentrations and 

δ13C-DIC values increased distinctively with depth at all sites ranging from 1.46 to 13.18 mmol l-1 and 

-17.7 ‰ to +8,00 ‰, respectively. However, while DIC concentrations were in similar range at all 

 
3 Please note that parts of this section are taken from Einzmann et al. (2022). 
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three sites, the δ13C-DIC values were usually up to 10 ‰ more positive at the littoral site compared to 

the pelagic and slope sites. In the upper part of the sediment Fe2+ concentrations were generally low 

and mostly increased in depths below 16 cm. Therefore, at all sites Fe2+ concentrations in the sediment 

cores accounted for up to 17.0 µmol l-1. Concentrations of Mn2+ showed values of up to 146 µmol l-1 

and reached maximum concentrations in the upper part of the sediment cores, while concentrations 

remained stagnant or decreased slightly with depth. Nitrate concentrations in the sediment showed 

only little variation throughout the depth of sediment cores mostly below 15 µmol l-1. However, in 

individual sediment cores (e.g., at the pelagic site in September 2019, Table A 4), comparatively high 

concentrations up to 50 µmol l-1 were detected in the topmost part of the sediment, which decreased to 

background values within a few centimetres.  

In every investigated sediment core, zones, where both stable isotope values of CH4 showed one or 

multiple excursions towards more positive values, occurred (Figure 9B, G, L, Q, V, AA). 

Interestingly, positive stable isotope excursions were less pronounced for δ2H-CH4 than for δ13C-CH4 

values. Furthermore, in these zones, stable isotope excursions of CH4 coincided with an increase in 

DIC and S2- concentrations, a decrease in δ13C-DIC values, CH4 maxima and SO4
2- minima. Here, 

these zones are classified as sulphate-methane transition zones (SMTZ, Figure 9 yellow zones).  

3.1.2 Sedimentary fluxes 

Seasonal sedimentary fluxes of CH4, SO4
2-, S2-, DIC and Mn2+ for the pelagic (A, D, G), slope (B, E, 

H) and littoral (C, F, I) sites are shown in Figure 10. Sediment flux rates were determined for fluxes of 

CH4, Mn2+ and DIC released from the sediment-water interface into the water column (indicated in 

Figure 10 by the addendum “release”) and for CH4, SO4
2- and S2- fluxes within the zones of SMTZ 

(yellow zones of the sediment cores in Figure 9 and indicated in Figure 10 by the addendum 

“SMTZ”).  

Across the three investigated pelagic, slope and littoral sites CH4 release from the sediment into the 

water column showed large variations ranging from 0.07 to 2.56 mmol m-2 d-1 (Figure 10A-C). At the 

littoral site CH4 release into the water column ranged from 0.14 to 2.28 mmol m-2 d-1, while at the 

deeper located pelagic and slope sites release rates were in a similar magnitude ranging from 0.07 to 

2.12 mmol m-2 d-1 and 0.42 to 2.56 mmol m-2 d-1. Distinctively higher CH4 release into the water 

column was observed during late-stage stratification periods compared to early-stage stratification 

periods and the mixing period for all study sites. Methane decline rates in the SMTZ were in the range 

of 0.14 to 2.59 mmol m-2 d-1 during sampling periods at all three sites (Figure 10A-C). The highest 

downward fluxes of CH4 in the sediment were determined at the pelagic and littoral sites during the 

late-stage stratification and the mixing period. 
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Figure 9. Methane concentrations, δ13C-CH4 and δ2H-CH4 values, Chl-a concentrations along with SO4
2-, S2-, DIC concentrations, ẟ13C-DIC values, Ca2+, Fe2+ and Mn2+ 

concentrations at the (A-E) pelagic, (K-O) slope and (U-Y) littoral site during the stratified period (July 2020) and at the (F-J) pelagic, (P-T) slope and (Z-AD) littoral site during 

the mixing period (March 2021). Water column profiles are shown by blue background colours, sediment core profiles are indicated by brown background colours and yellow 

bars imply the occurrence of SMTZs (modified after Einzmann et al., 2022). 
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Figure 9. (continued). 
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Figure 9. (continued). 
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Flux rates of SO4
2- and fluxes of S2- in the sediment were closely linked, as higher SO4

2- fluxes 

coincided with higher S2- fluxes and vice versa at all sites (Figure 10D-F). Fluxes of these two 

parameters ranged from 0.23 to 1.75 mmol m-2 d-1 and 0.10 to 3.72 mmol m-2 d-1 for SO4
2- and S2-, 

respectively, while no clear seasonality was observed. Dissolved inorganic carbon flux rates at the 

water-sediment interface were in the range of 0.11 to 3.64 mmol m-2 d-1 at all three sites (Figure 10G-

I). A trend towards higher flux rates of DIC during the late-stage stratification was observed at all 

sites, while smaller rates were found during the early-stage stratification and the mixing period. Flux 

rates of Mn2+ at the water-sediment interface varied between -30.2 µmol m-2 d-1 and 

+30.7 µmol m-2 d-1 throughout the examined months at all three sites (Figure 10G-I).  

 

Figure 10. Fluxes of CH4, SO4
2- and S2- in the SMTZ in the sediment and fluxes of CH4, DIC and Mn2+ released 

from the sediment into the water column of Lake Willersinnweiher at the (A, D, G) pelagic, (B, E, H) slope and 

(C, F, I) littoral sites from May 2019 to March 2021. Grey background colours indicate the stratification period 

and white background colours represent the mixing period. 
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3.1.3 Stable isotope fractionation during methanogenesis and anaerobic methane 

oxidation4 

The isotopic fractionation factor αCO2-CH4 between CO2 and CH4 during anaerobic methanogenesis in 

the sediment were similar in magnitude for each respective site (Table 2). However, the highest values 

were observed at the pelagic site (1.062 ± 0.009 to 1.067 ± 0.007; n = 3 to 7), while smaller values 

were determined for the slope site (1.055 ± 0.002 to 1.057 ± 0.009; n = 5 to 8) and the littoral site 

(1.041 ± 0.004 to 1.052 ± 0.001; n = 4 to 6). Contrary to the strong differences in the αCO2-CH4 values 

depending on the observed site, αCO2-CH4 values did not show strong seasonal variations throughout the 

year between May 2020 and March 2021. 

Isotope fractionation factors for carbon (13α) and hydrogen (2α) during AOM were calculated to be in 

the range of 1.031 to 1.051 and 0.980 to 1.143 at the pelagic site, 1.000 to 1.058 and 1.007 to 1.460 at 

the slope site and 1.012 to 1.087 and 1.067 to 1.169 at the littoral site, respectively (Table 2). Thus, 2α 

values were mostly higher compared to 13α values. Furthermore, 13α and 2α values were characterised 

by large variations of up to 0.087 for 13α and 0.480 for 2α, and, therefore, did not show any seasonal 

trend.  

Table 2. Apparent carbon isotope fractionation factor (αCO2-CH4) between CO2 and CH4 during anaerobic 

methanogenesis and isotope fractionation factors of carbon and hydrogen during AOM in the lake sediment of 

the pelagic, slope and littoral sites during May, July, October 2020, and March 2021. Values for αCO2-CH4 are 

given as the mean ± SD (n = 3 to 8). 

Site Month αCO2-CH4 
13

α 
2
α 

pelagic May 2020 1.062 ± 0.009 - - 
 July 2020 1.062 ± 0.003 1.031 1.143 
 October 2020 1.067 ± 0.002 1.037 0.980 
 March 2021 1.067 ± 0.007 1.051 1.015 

slope May 2020 1.057 ± 0.009 1.005 1.007 
 July 2020 1.055 ± 0.002 1.058 1.460 
 October 2020 1.055 ± 0.002 1.000 1.057 
 March 2021  - - 

littoral May 2020 1.041 ± 0.004 1.039 1.067 
 July 2020 1.044 ± 0.004 1.012 1.124 
 October 2020 1.052 ± 0.001 1.015 - 
 March 2021 1.044 ± 0.008 1.087 1.169 

 
4 Please note that parts of this section are taken from Einzmann et al. (2022). 
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3.2 Seasonal characteristics of the water column5 

3.2.1 Water column properties 

The water column of Lake Willersinnweiher between May 2019 and September 2021 was 

characterised by a strong thermal stratification between April/May to November/December 

(stratification period) and thorough mixing of the water column from November/December to 

March/April (mixing period, Figure 11A). During the period of thermal stratification, the water 

column was divided into a epilimnion, metalimnion and hypolimnion. In the epilimnion, water 

temperatures were similar throughout the whole lake. However, water temperatures in the epilimnion 

ranged between 13 °C and 27 °C in the early and late stages of the stratification, respectively (Figure 

11A). The thickness of the epilimnion varied between depths of 3 to 7 m in spring and autumn, 

respectively. During the stratification period, the epilimnion was further characterised by pH values in 

the range of 7 and 9 (Figure 11B) and O2 concentrations ranging from 0.25 mmol l-1 up to 

0.50 mmol l-1 (Figure 11C). 

The subjacent metalimnion was found to extend between a depth of 4 m and 11 m. Within the 

metalimnion the water temperature declined substantially, while O2 concentrations and pH values 

often increased in the upper epilimnion with maximum O2 concentrations of 0.60 mmol l-1 and pH 

values of 8.7 and then decreased towards the lower metalimnion with minimum O2 concentrations of 

0.001 mmol l-1 and pH values of 5.9 (Figure 11B, C). In the upper metalimnion Chl-a concentrations 

in the of up to 100 µg l-1 and in single months up to 1000 µg l-1 were observed in one or two peaks 

(Figure 11D).  

The transition between metalimnion and hypolimnion was characterised by the occurrence of an 

oxycline and chemocline where O2 was no longer present (below mmol l-1) while temperatures 

(average of 7 °C) and pH values remained constant (average of pH = 7). Generally, during the course 

of the summer higher water temperature led to a stronger stratification, an upwards shift of the O2 

depletion zone and an increase in the thickness of the hypolimnion to up to 12 m. Towards the end of 

summer and autumn, decreasing water temperatures led to a substantial extension of the epilimnion 

and hypolimnion due to the weakening of the stratification. The thickness of the metalimnion shrank 

until full mixing of the water column was established in early winter to early spring. At the slope site, 

the water column was only divided into an epilimnion and metalimnion during periods of strong 

stratification. At the beginning (April/May) and the end (September/October) of the stratification 

period, the water column usually consisted only of the epilimnion due to its extended thickness and the 

mere ≈ 8 m depth at the slope site. The water column at the littoral site did not show any stratification 

due to its shallow depth of about 1.5 m. Water parameters at the slope and littoral sites were very 

similar to those at the pelagic site and are therefore shown in the appendix (Table A 5). The mixing 

 
5 Please note that parts of this section are taken from Einzmann et al. (2022). 



44       3 Results 

period was characterised by similar values of the above-mentioned parameters temperature (≈ 5.5 °C), 

pH (≈ 6.8), O2 (≈ 0.27 mmol l-1) concentrations throughout the whole water column, except for O2 

concentrations and pH values decreasing in the lowermost observed depths towards the sediment 

water interface in March 2021.  

  

  

Figure 11. (A) Water temperature, (B) pH values, (C) dissolved O2 and (D) Chl-a concentrations in the water 

column of the pelagic site at Lake Willersinnweiher interpolated for the period between May 2019 and 

September 2021. Gray dots indicate sampled depths. 

3.2.2 Major ion composition of the water column  

For all campaigns between May 2019 and September 2021, major ion concentrations were analysed 

for the water column of the pelagic, slope and littoral sites. The results of the major ions are described 

only for the pelagic site, where an epilimnion, metalimnion and hypolimnion were observed. Data of 

the profiles of the slope and littoral sites are shown in the appendix Table A 5. In Figure 12, the 

interpolated concentrations of the major ions Ca2+, DIC, NO3
- and SO4

2- during the whole observation 

period (May 2019 to September 2021) are illustrated. Individual profiles of these parameters and 

additional results for δ13C-DIC values, Fe2+ and Mn2+ concentrations at the pelagic site during the 

stratification period (July 2020) and the mixing period (March 2021) are shown in Figure 9C, D, E, H, 

I, J. 

During periods of stratification, the concentrations of Ca2+ in the epilimnion were lower compared to 

the metalimnion and hypolimnion, ranging between 1.6 to 2.5 mmol l-1 (Figure 12A). Similarly, DIC 

concentrations were lower in the epilimnion but increased with depth and towards the end of 
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stratification with concentrations ranging from 1.0 to 3.2 mmol l-1 (Figure 12B). During the mixing 

period, DIC concentrations were much lower compared to the stratification period ranging from 1.9 to 

2.3 mmol l-1. δ13C-DIC values in the epilimnion were found to show only little variation with values 

between -6 ‰ and -3 ‰, while δ13C-DIC values became more negative with depth and increasing DIC 

concentrations reaching values of up to -11 ‰ (Figure 9D, I). During mixing period however, 

δ13C-DIC values were more positive compared to stratification period ranging from -7 ‰ to -4 ‰.  

 
  

  

Figure 12. (A) Calcium ion, (B) DIC, (C) NO3
- and (D) SO4

2- concentrations in the water column of Lake 

Willersinnweiher interpolated for the period between May 2019 and September 2021. Gray dots indicate 

sampled depths. 

Nitrate concentrations were uniformly distributed and usually accounted for less than 10 µmol l-1 

except for a few single instants where concentrations reached up to 110 μmol l-1 (Figure 12C). 

Sulphate concentrations in the epilimnion of Lake Willersinnweiher showed only little variation 

throughout the year ranging from 2.0 to 2.4 mmol l-1 (Figure 12D). However, a decrease of up to 

0.6 mmol l-1 was observed during periods of strong stratification in the hypolimnion. Coinciding with 

the SO4
2- decrease was an increase in S2- concentrations to up to 2 mmol l-1 in the anoxic hypolimnion 

that intensified during stratification period and the duration of anoxic conditions in the hypolimnion 

(Figure 9C, H). 

In the epilimnion Fe2+ and Mn2+ were found with concentrations reaching up to 0.3 µmol l-1 and 

1.0 µmol l-1, respectively (Figure 9E,  J, O, T, Y, AD, appendix Table A 5). However, in the 

metalimnion especially around the depth of the redoxcline elevated Fe2+ and Mn2+ concentrations were 
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detected during stratification period, which increased in the hypolimnion with concentrations reaching 

up to 4 µmol l-1 and 50 µmol l-1, respectively. 

3.2.3 Methane concentration and stable isotope composition 

When compared to the atmospheric equilibrium levels in Lake Willersinnweiher supersaturated CH4 

concentrations were found throughout the whole observation period between May 2019 and 

September 2021 (Figure 13A).  

Lowest and evenly distributed CH4 concentrations were detected during the mixing periods 

(January 2020 and March 2021) ranging from 0.05 µmol l-1 to 0.07 µmol l-1 and up to 0.4 µmol l-1 in 

the bottom water. Stable carbon and hydrogen isotope values of CH4 (Figure 13B, C) in the upper 

water column during the mixing period were characterised by a strong enrichment in 13C and 2H 

leading to δ13C-CH4 values of -30 ‰ to -42 ‰ and δ2H-CH4 values of -40 ‰ to +20 ‰. In March 

2021, the lowermost sample point showed a small increase in its CH4 concentration compared to the 

rest of the water column and more negative δ13C-CH4 and δ2H-CH4 values (-65 ‰ and -12 ‰, 

respectively). 

During stratification periods, up to 1200 times higher CH4 concentrations were detected in the water 

column of Lake Willersinnweiher compared to mixing period (Figure 13). In the epilimnion, CH4 

concentrations increased with progression of the stratification period and CH4 concentrations, 

δ13C-CH4 and δ2H-CH4 values ranged from 0.1µmol l-1 to 1.6 µmol l-1, -56 ‰ to -38 ‰ and -317 ‰ to 

-90 ‰, respectively. In the upper part of the metalimnion, an increase in CH4 concentrations of up to 

1 µmol l-1 was observed during the stratification period in most months, accompanied by an increase in 

Chl-a concentrations and O2 concentrations. Below this peak CH4 concentrations decreased 

considerably to as little as 0.03 µmol l-1 in the lower part of the metalimnion. This strong decrease in 

CH4 concentrations was also concomitant with a decrease in O2 concentrations and a strong increase in 

δ13C-CH4 and δ2H-CH4 values reaching values of up to -9 ‰ and +140 ‰, respectively (Figure 13B, 

C). Methane concentrations (Figure 13A) in the hypolimnion were generally characterised by a strong 

increase towards the sediment-water interface and also incremented with the length of the stratification 

period ranging from 0.7 µmol l-1 during early stratification to 120 µmol l-1 during late-stage 

stratification. Hypolimnic δ13C-CH4 and δ2H-CH4 values (Figure 13B, C) became more negative with 

increasing CH4 concentrations and were in the range of -80 ‰ to -55 ‰ and -320 ‰ to -175 ‰, 

respectively. 
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Figure 13. (A) Methane concentrations, (B) δ13C-CH4 values in the water column of Lake Willersinnweiher 

interpolated for the period between May 2019 and September 2021, and (C) δ2H-CH4 values in the water column 

of Lake Willersinnweiher interpolated for the period between May 2020 and September 2021. Gray dots indicate 

sampled depths. 

3.2.4 Methane production rates and fluxes of methane and oxygen in the water column 

Seasonal CH4 production rates in the epilimnion as well as flux rates of CH4 and O2 from the 

metalimnion into the oxycline and flux rates of CH4 from the metalimnion into the epilimnion are 

shown in Figure 14 for the pelagic and slope sites. No fluxes could be determined for the littoral site 

due to its shallow depth of ≈ 1.5 m. Methane production rates in the epilimnion were determined by a 

mass balance approach for 7 months (August and October 2019, January, May, July and October 

2020, and March 2021), in which, relevant parameters (CH4 diffusion from the sediments into the 

water column, from the metalimnion into the epilimnion and from the water column into the 

atmosphere, input of CH4 rich groundwater; dissolution of CH4 from ebullition and MOx; section 

2.6.4) were determined.  
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Methane production in the epilimnion of Lake Willersinnweiher was in the range of 0 to 

129 ± 36 nmol l-1 d-1 (Figure 14A) and was only present at the beginning and end of the stratification 

period with production rates of 52 ± 14 nmol l-1 d-1 and 47 ± 27 nmol l-1 d-1 in May 2020 and October 

2020, respectively. When stratification of the water column was strongly developed in August 2019 

and July 2020 and during the mixing period (January 2020 and March 2021), the CH4 mass balance of 

these months inferred that no CH4 production rates in the epilimnion was needed to sustain the 

observed CH4 supersaturation.  

Decreasing CH4 and O2 concentrations from the metalimnion towards the oxycline or from the 

metalimnion towards epilimnion were indicated by positive fluxes, whereas increasing concentrations 

of CH4 are reflected by negative fluxes. Methane flux rates into the oxycline were higher at the pelagic 

site accounting for up to 1.99 mmol m-2 d-1 compared to the slope site with flux rates up to 

0.59 mmol m-2 d-1 (Figure 14B). While CH4 flux rates into the oxycline were constantly observed 

during the stratification period at the pelagic site, flux rates at the slope site were only present in a few 

months between July to October 2019 and May 2020.  

Methane flux rates from the metalimnion into the oxycline increased with length of the stratification 

period compared to early-stage stratification and mixing periods for both sites. A similar pattern was 

also found for O2 fluxes, where flux rates were highest during late-stage stratification 

(16 to 52 mmol m-2 d-1) and lower during early-stage stratification and mixing periods 

(up to 20 mmol m-2 d-1) (Figure 14C). Furthermore, O2 fluxes showed also higher rates at the pelagic 

site compared to the slope site most of the times, except for May 2020 and March 2021 (0.5 to 

39 mmol m-2 d-1).  

Methane fluxes from the metalimnion to the epilimnion (up to 20 µmol m-2 d-1) were about one order 

of magnitude smaller compared to CH4 fluxes from the metalimnion into the oxycline (Figure 14D). 

Contrastingly, CH4 fluxes into the epilimnion did not increase with the duration of the stratification 

period but showed the highest values during summer when the lake stratification was strongly 

developed. During most months, an upwards flux of CH4 from the metalimnion to the epilimnion was 

found. However, during the mixing period and early stratification period in 2021 (March/May 2021) 

downwards directed fluxes from the epilimnion into the metalimnion were found. Methane fluxes into 

the epilimnion at the pelagic site (-3 to 21 µmol m-2 d-1) were in the same order of magnitude but 

mostly slightly smaller compared to the rates determined for the slope site (-2 to 20 µmol m-2 d-1).  
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Figure 14. (A) Estimated rates of CH4 production in the epilimnion of Lake Willersinnweiher (orange), fluxes of 

(B) CH4 and (C) O2 into the oxycline (downwards) and fluxes of (D) CH4 from the metalimnion into the 

epilimnion (upwards) at the pelagic (blue) and slope (green) sites at Lake Willersinnweiher. Grey background 

colours indicate the stratification period and white background colours represent the mixing period. 

3.2.5 Spatial distribution of methane in the epilimnion 

The spatial distribution of CH4 concentrations in a water depth of 1 m was investigated at Lake 

Willersinnweiher in July, September and October 2020 and March 2021 (Figure 15). Methane 

concentrations throughout Lake Willersinnweiher showed distinct differences between the examined 

months and were in the range of 342 ± 25, 622 ± 50, 454 ± 68 nmol l-1 and 74 ± 4, 370 ± 16, 

1024 ± 155, 345 ± 13 nmol l-1 for July, September, October 2020 and March, May, June, and July 

2021, respectively. Spatial variations of the CH4 concentrations within one sampling campaign were 

highest in June 2021, where also highest CH4 concentrations were recorded (ranging from 524 to 

2249 nmol l-1). In contrast smallest spatial variations were measured during the mixing period in 

March 2021 with values ranging from 62 to 75 nmol l-1. A trend towards higher CH4 concentrations in 

the north-eastern part and lower concentrations in the south-western part of Lake Willersinnweiher 

were found for most investigated months except for May and June 2021, where surface water CH4 was 
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distributed more evenly and higher CH4 concentrations appeared to rather derive from point sources in 

the north-eastern part of the lake. In Figure 15, CH4 concentrations of sample points in the epilimnion 

were related to their distance to shore and lake depth at their lake positions to determine potential 

patterns and influences of these parameters to CH4 supersaturation. Neither the distance to the shore, 

nor the lake depth seemed to strongly influence CH4 concentrations in the epilimnion during all 

observed months, which was indicated by R2 < 0.06 and R2 < 0.15, respectively. Due to the used 

methodical approach (section 2.2.4), littoral areas with only a shallow depth smaller than 2 m could 

not be analysed. Therefore, their influence on CH4 concentrations in surface water could not be 

evaluated.  

 
 

 
 

 
 

Figure 15. (A, D, G, J, M, P, S) Interpolated spatial distribution of CH4 in the epilimnion of Lake 

Willersinnweiher (depth = 1 m). Average daily wind directions are indicated by a black arrow. Gray dots 

indicate the location of water samples. (B, E, H, K, N, Q, T) Relation of the CH4 concentration and the distance 

to the shore of each sample point (dotted red line) and (C, G, I, L, O, R, U) relation of the CH4 concentration and 

the water depth at each sample point (dotted red line). Data for the wind direction was obtained from a nearby 

weather station. R2 values were calculated using a simple linear regression. 
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Figure 15. (continued). 

 

Contrastingly to the results shown in Figure 15, where only small correlations between water depth 

and distance to shore was found for surface CH4 concentrations, the comparison of CH4 concentrations 

of the pelagic, slope and the shallowest littoral site (≈ 1.5 m depth), showed a strong bias towards 

higher CH4 concentrations at the littoral site compared to the two deeper sites nearly throughout the 

whole year (Figure 16). This disparity was especially developed during stratification period, where 
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concentrations were up to three times higher at the littoral site compared to the other two sites, while 

during the mixing period CH4 concentrations were in the same order of magnitude at all three sites. 

 

Figure 16. Dissolved CH4 concentrations in the epilimnion at the pelagic (depth = 1 m; blue), slope (depth = 1 m; 

green) and littoral (depth = 0.5 m; orange) sites from May 2019 to September 2021. Grey background colours 

indicate the stratification period and white background colours represent the mixing period. 

3.2.6 Aerobic methane oxidation and associated stable isotope fractionation 

Aerobic methane oxidation rates in the water column of Lake Willersinnweiher were determined 

between July 2020 and September 2021. In the months of July, September, October 2020 and March 

2021 MOx rates were only determined for one depth (appendix Table A 6), while in July and 

September 2021, two profiles of MOx rates were analysed in four different depths of the epilimnion 

and metalimnion (Figure 17A, B). Aerobic methane oxidation rates at Lake Willersinnweiher were in 

the range of 43 ± 5 to 950 ± 149 nmol l-1 d-1. A trend towards increasing MOx rates in the water 

column were observed with increased duration of the stratification period. During 2020, where MOx 

was determined for only one depth, increasing MOx rates from 49 ± 5 nmol l-1 d-1 in July to 

109 ± 7 nmol l-1 d-1 in September and 251 ± 13 nmol l-1 d-1 in October were observed. A similar pattern 

was found for MOx profiles obtained during stratification period in 2021 (Figure 17A, B). In both 

profiles higher MOx rates were found with increasing water depth and decreasing proximity to the 

oxycline. Furthermore, higher MOx rates coincided with decreasing CH4 concentrations in the 

metalimnion. An exception of the latter observation was the MOx rate in a depth of 8 m in September 

2021, which did not increase but decrease towards the oxycline. Interestingly, even though no decrease 

in CH4 concentrations in the water column was observed during the mixing period in March 2021 

(Figure 9G), a MOx rate of 89 ± 13 nmol l-1 d-1 was determined in a water depth of 8 m.  
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Figure 17. Profiles of CH4 concentration (red), δ13C-CH4 values (blue), δ2H-CH4  values (green) and MOx rates 

(yellow) at the pelagic site in (A) July 2021 and (B) September 2021. Error bars of the MOx rates indicate the 

standard error of the linear regression used to calculate MOx rates (section 2.6.5). 

Carbon (13α) and hydrogen (2α) isotope fractionation factors of CH4 due to MOx are shown in Table 3. 

Throughout the observation period (May 2019 to September 2021), 13α values were very similar and 

did not show large variation ranging from 1.006 to 1.013 with an average value of 1.009 ± 0.002. 

Values of 2α were determined in the field campaigns during the years 2020 and 2021. They were 

distinctively higher than 13α values (up to 0.080 higher) and ranged from 1.051 to 1.095 with an 

average value of 1.068 ± 0.015. Furthermore, a seasonal trend towards decreasing 2α values from 

June 2020/2021 to October 2020/September 2021 was found. 

In the months May 2019, January and May 2020, March and May 2020 no isotopic fractionation 

factors could be determined for MOx since the water column recorded a steady CH4 concentration and 

isotopic signature with depth (Figure 9G and appendix Table A 5) 

The incubation experiment in which Λ, the relation between 13α and 2α values during MOx was 

determined, was conducted in July 2021. During the incubation experiment CH4 concentrations 

decreased from 694 ± 7 (n = 3) to 290 ± 18 nmol l-1 (n = 3) (Figure 18A). Stable carbon isotope values 

of CH4 increased from -33.8 ± 0.2 ‰ (n = 3) to -11.6 ± 1.5 ‰ (n = 3), while a stronger increase in 

δ2H-CH4 values compared to δ13C-CH4 values was observed ranging from -79 ± 2 ‰ (n = 3) to 

127 ± 17 ‰ (n = 3). The relation between δ13C-CH4 and δ2H-CH4 values is displayed in Figure 18B, 

reveals a high correlation of R2 = 0.99 between both values and showed that CH4 became 9.3 times 

more enriched in 2H compared to 13C during MOx. 
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Table 3. Carbon (13α) and hydrogen (2α) isotope fractionation factors of CH4 due to MOx between 

May 2019 and September 2021. 2α values were not determined (n.d.) in the year 2019. 

Month 
13

α 
2
α 

May 2019 - n.d. 

June 2019 1.009 n.d. 

July 2019 1.011 n.d. 

August 2019 1.009 n.d. 

September 2019 1.009 n.d. 

October 2019 1.006 n.d. 

January 2020 - - 

May 2020 - - 

June 2020 1.007 1.087 

July 2020 1.009 1.057 

September 2020 1.007 1.064 

October 2020 1.007 1.052 

March 2021 - - 

May 2021 - - 

June 2021 1.013 1.095 

July 2021 1.008 1.072 

August 2021 1.009 1.067 

September 2021 1.008 1.051 

 

 

 

Figure 18. (A) Methane concentrations, δ13C-CH4 and δ2H-CH4 values during the incubation experiment to 

determine Λ. (B) Relationship between δ13C-CH4 and δ2H-CH4 values during MOx. Data show mean values with 

SD (n = 3). Where no error bars are visible, they lie within the data point symbol. 
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3.2.7 Methane formation from δ13C and δ2H-labelled methylated compounds 

Methyl phosphonate, MA, TMA and MET were tested for their potential as precursor compounds of 

OMP within the water column of Lake Willersinnweiher. Therefore, incubation experiments, where 

the methyl group of MPn was labelled with 13C (September 2020) and the methyl groups of MA, TMA 

and MET were labelled with 2H (September 2021) were conducted with water samples from the 

metalimnion in a water depth of 6 m and 7 m, respectively (O2 was present; Figure 11C).  

Figure 19A, displays the δ13C-CH4 values during the incubation experiment with supplemented 

13C-MPn. Stable carbon isotope values of CH4 in the treatments “Control” and “Control filtered” show 

only small differences during the incubations with values ranging between -34 ± 7 ‰ to -38 ± 6 ‰ 

(n = 3) and -27 ± 9 ‰ to -34 ± 3 ‰ (n = 3, p = 0.702 between “Control” and “Control filtered”) at the 

beginning and the end of the incubations, respectively. In contrast in the treatment “13C-MPn” 

δ13C-CH4 values increased gradually from -37 ± 8 ‰ to +100 ± 14 ‰ (n = 3, p < 0.001 compared to 

“Control”). The treatment “13C-MPn filtered” δ13C-CH4 values showed only minor changes in the first 

42 hours of the incubation however, subsequent samples were lost due to technical issues.  

The results of δ2H-CH4 values during the incubation experiment with 2H-labelled MA, TMA and MET 

are illustrated in Figure 19C. Stable hydrogen isotope values of CH4 showed only little changes during 

the incubation in the control treatments “Control” (n = 3) and “Control filtered” (n = 1) ranging from 

+104 ± 4 ‰ to +127 ± 9 ‰ and +157 to + 142 ‰, respectively. When the 2H-labelled substances were 

incubated δ2H-values increased from +138 ± 7 ‰ to +928 ± 56 ‰ (n = 3, p = 0.002 compared to 

treatment “Control”) for  “2H-MA” and from +183 ± 45 ‰ to +4813 ± 653 ‰ (n = 3, p = 0.029 

compared to treatment “Control”) for “2H-MET”. In the treatment “2H-TMA” changes in the range of 

the SD were observed (+136 ± 16 ‰ to +130 ± 24 ‰, n = 3, p = 0.931 compared to “Control”).  

All filtered treatments showed only minor changes of the δ2H-CH4 values during the incubation period 

from +159 ‰ to +184 ‰ (n = 1) and +106 to +177 ‰ (n = 1) for the treatments “2H-TMA filtered” 

and “2H-MET filtered”. The final sample of the treatment “2H-MA filtered” at the end of the 

incubation was lost due to technical issues.  

The results of the incubation experiments unambiguously showed that MPn, MA and MET constituted 

potential precursor compounds of CH4 in Lake Willersinnweiher. Based on the changes of δ13C-CH4 

and δ2H-CH4 values during incubation experiments, 17.4 ± 2.0 nmol l-1 13C-CH4 as well as 

0.14 ± 0.01 pmol l-1 and 0.80 ± 0.11 pmol l-1 2H-CH4 were produced from the labelled precursor 

compounds MPn, MA and MET, respectively.  

The dissolved CH4 concentrations during the incubation experiment are shown in Figure 19B for the 

incubation with 13C-MPn and in Figure 19D for the incubation experiment with 2H-MA, 2H-TMA and 

2H-MET. In both incubation experiments dissolved CH4 concentrations were up to 33 % smaller in 

samples of filtered treatments compared to non-filtered treatments due to partial degassing while 
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filtering the water samples. Therefore, only the trends of the CH4 concentrations are described. In the 

MPn incubation experiment a decrease in CH4 concentrations was observed for the non-filtered 

treatments “Control” (n = 3) and “13C-MPn” (n = 3), while for the filtered treatments “Control filtered” 

(n = 3) and “13C-MPn filtered” (n = 3) CH4 concentration changes were within their respective SD. 

Similar to the MPn incubation experiment, CH4 concentrations decreased (up to 10 %) in the samples 

of the non-filtered treatments “Control”, “2H-MA”, “2H-TMA” and “2H-MET” (n = 3 each), while 

only minor changes were observed for samples of filtered treatments (n = 1). 

 

Figure 19. Stable carbon and hydrogen isotope values of CH4 and CH4 concentrations during the incubation 

experiments of the precursor compounds (A, B) MPn and (C, D) MA, TMA and MET. Data show mean values 

with SD (n = 3) for all treatments, except “filtered” treatments (n = 1). Where no error bars are visible, they lie 

within the data point symbol or belong to the “filtered” treatments. 

3.3 Groundwater characteristics 

Groundwater from the three wells (GW West out, GW East out and GW West in) around Lake 

Willersinnweiher was investigated. Details of the location are shown in Figure 5C. The general flow 

direction of the groundwater was directed from southwest to northeast (Figure 5B). Inflowing 

groundwater was thereby represented by GW West in, while outflowing groundwater was represented 

by GW West out and GW East out.  Please note that within the scope of this study flow directions of 

the groundwater were not investigated and current flow regimes might have changed compared to 
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previous studies (Wollschläger et al., 2007). Physiochemical properties, as well as concentrations of 

dissolved CH4 and other investigated ions showed distinctive differences between inflowing and 

outflowing groundwater, which is outlined in the following three chapters. 

3.3.1 Physiochemical properties of groundwater 

The physiochemical properties of in- and outflowing groundwater is illustrated in Figure 20. 

Groundwater temperatures showed only small variances for GW West out and GW West in ranging 

from 12.8 to 13.8 °C and 13.5 to 14.7 °C, respectively, while higher seasonal variations, especially 

between late 2019 and early 2020, were observed for GW East out ranging between 11.7 to 15.7 °C. In 

all observed months, the groundwater was suboxic and pH values were constant with 7.3 ± 0.1, 

7.8 ± 0.1 and 7.3 ± 0.1 for GW West out, GW East out and GW West in, respectively.  

 

Figure 20. (A) Water temperature, (B) pH values and (C) dissolved O2 concentrations of inflowing groundwater 

at GW West in (red) as well as outflowing groundwater at GW West out (blue) and GW East out (green) at Lake 

Willersinnweiher from May 2019 to September 2021. Grey background colours indicate the stratification period 

and white background colours represent the mixing period. 

3.3.2 Major ion composition of the groundwater  

An overview of major ion concentrations at all three groundwater wells is shown in Figure 21. 

Groundwater at Lake Willersinnweiher was characterised by SO4
2- concentrations reaching up to 

2.5 mmol l-1 (Figure 21A). For inflowing groundwater at GW West in, on average higher SO4
2- 

concentrations (2.52 ± 0.06 mmol l-1) compared to outflowing groundwater at GW West out 

(1.75 ± 0.06 mmol l-1) and GW East out (2.04 ± 0.30 mmol l-1) were found during the observation 

period from May 2019 to September 2021. However, at GW East out SO4
2- concentrations showed a 

strong seasonal variation with lower values during the mixing period and higher values during 

stratification period. Concentrations of NO3
- in inflowing and outflowing groundwater were usually 
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below a concentration of ≈ 10 µmol l-1 throughout the sampling period at all groundwater wells except 

for punctual strong increases, reaching up to 250 µmol l-1 at GW West in (Figure 21B).  

Concentrations of Fe2+ were on average between 1.5 to 7 times higher in inflowing groundwater at 

GW West in (42.4 ± 11.0 µmol l-1) compared to outflowing groundwater at GW West out 

(30.0 ± 11.9 µmol l-1) and GW East out (5.5 ± 2.0 µmol l-1). Contrastingly to Fe2+ concentrations, 

average Mn2+ concentrations were up to 33 % lower in inflowing groundwater at GW West in, ranging 

from 12.7 ± 1.0 µmol l-1 compared to outflowing groundwater at GW West out and GW East out with 

concentrations ranging between 19.1 ± 4.7 µmol l-1 and 17.6 ± 6.8 µmol l-1, respectively (Figure 21D). 

Furthermore, a seasonal variation with lower Mn2+ concentrations during the mixing period and higher 

ones during stratification period were observed for outflowing groundwater.  

Average DIC concentrations were up to 25 % higher in inflowing groundwater at GW West in 

(4.10 ± 0.44 mmol l-1) compared to outflowing groundwater at GW West out (3.74 ± 0.42 mmol l-1) 

and GW East out (3.01 ± 0.63 mmol l-1; Figure 21E). However, high seasonal variations of up to 

2 mmol l-1 were found. 

 

Figure 21. (A) Sulphate, (B) NO3
- , (C) Fe2+, (D) Mn2+ and (E) DIC concentrations of inflowing groundwater at 

GW West in (red) as well as outflowing groundwater at GW West out (blue) and GW East out (green) at Lake 

Willersinnweiher from May 2019 to September 2021. Grey background colours indicate the stratification period 

and white background colours represent the mixing period. 
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3.3.3 Methane concentrations and its stable isotope composition 

The observed CH4 concentrations, δ13C-CH4 and δ2H-CH4 values determined for groundwater at Lake 

Willersinnweiher are illustrated in Figure 22. Methane concentrations at GW West out and GW West 

in showed less variation compared to GW East out throughout the observation period and ranged from 

0.62 to 2.71 µmol l-1 and 0.95 to 2.06 µmol l-1, respectively (Figure 22A). At GW East out, CH4 

concentrations were higher at most times compared to GW West out and GW West in ranging from 

0.59 up to 30.8 µmol l-1. Two periods of elevated CH4 concentrations at GW East out were detected 

between July 2019 to May 2020 and October 2020 to August 2021, which also coincided with low 

SO4
2- and Mn2+ concentrations at this groundwater well (Figure 21A, D). 

Stable carbon isotope values of CH4 showed distinct characteristics between the three groundwater 

wells (Figure 22B). The most negative δ13C-CH4 values were measured for outflowing groundwater at 

GW East out ranging from -61.2 to -31.1 ‰. Furthermore, at this site two periods (between September 

2019 to May 2020 and September 2020 to May 2021) of distinct increases in δ13C-CH4 values were 

observed that partly coincided with the periods of elevated CH4 concentrations (Figure 22A). Stable 

carbon isotope values of CH4 at GW West in were more positive compared to GW East out with 

observed values between -36.8 ‰ and -4.01 ‰. Even more positive δ13C-CH4 values were found at 

GW West out ranging from -37.2 to +40.6 ‰.  

Stable hydrogen isotope values of CH4 showed a similar pattern compared to the δ13C-CH4 values with 

most negative δ2H-CH4 values measured at GW East out and most positive values measured at GW 

West out ranging from -24 ‰ to +660 ‰, -296 ‰ to -184 ‰ and +83 ‰ to +185 ‰ for GW West out, 

GW East out and GW West in, respectively (Figure 22C). A small increase in δ2H-CH4 values was 

found between March 2020 to July 2020 and March 2021 to June 2021 at GW East out; however, it 

was not as distinct as the one observed for δ13C-CH4 values.  

 

Figure 22. (A) Methane concentrations, (B) δ13C-CH4 and (C) δ2H-CH4 values of inflowing groundwater at GW 

West in (red) as well as outflowing groundwater at GW West out (blue) and GW East out (green) at Lake 

Willersinnweiher from May 2019 to September 2021. Grey background colours indicate the stratification period 

and white background colours represent the mixing period. 
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3.4 Characterisation of methane sources via Δ(2,13) values6  

Concentration weighted mean Δ(2,13) values were calculated after Tsunogai et al. (2020) using 

Eq. (25) for dissolved CH4 in the epilimnion, metalimnion, hypolimnion, sediment and inflowing 

groundwater at Lake Willersinnweiher for May, July and October 2020 and May 2021 (Figure 23).  

In the sediment Δ(2,13) values showed large variabilities based on the sampling site (pelagic, slope or 

littoral). Highest Δ(2,13) values were observed for the pelagic sediment, where values were in a 

similar range for May, July and October (415 ± 58 ‰ to 395 ± 39 ‰) but decreased in March 

(320 ± 76 ‰). At the slope an opposing pattern in Δ(2,13) values was observed as values increased 

from May to October, yielding values from 293 ± 49 ‰ to 369 ± 17 ‰, respectively. No Δ(2,13) 

values for sedimentary CH4 could be determined due to technical issues at the slope site during 

sampling in March. Δ(2,13) values found at the littoral site were lowest compared to the sedimentary 

values of the other two sites and showed only minor seasonal changes, thus showing Δ(2,13) values of 

203 ± 32 ‰ to 232 ± 65 ‰ between May 2020 and March 2021. 

Throughout the sampling period a hypolimnion was only present at the pelagic site. However, the 

hypolimnion in March 2021 was not anoxic, as observed in the other months but was oxic. 

Nevertheless, it was characterised by elevated CH4 concentrations compared to the rest of the water 

column (Figure 9G). Δ(2,13) values of the hypolimnion overlapped with sedimentary Δ(2,13) values 

for all investigated months but March 2021, where hypolimnic values were 25 % higher compared to 

sedimentary ones. Between May and October 2020 hypolimnic Δ(2,13) values were very similar 

ranging between 415 ± 18 ‰ and 411 ± 15 ‰. However, in March Δ(2,13) values in the bottom water 

of the lake were higher compared to the previous months accounting for 477 ± 18 ‰.  

A metalimnion in the water column of Lake Willersinnweiher was only present at the pelagic and 

slope site in May and July 2020. Metalimnic Δ(2,13) values decreased from May to July at the pelagic 

site ranging from 342 ± 12 ‰ to 276 ± 25 ‰, while at the slope site Δ(2,13) values slightly decreased 

but within their respective errors (311 ± 47 ‰ to 271 ± 40 ‰).  

Δ(2,13) values in the epilimnion of Lake Willersinnweiher showed a strong increase at all three 

sampling sites from May 2020 to March 2021. Thus, epilimnic Δ(2,13) values were in the range of 

203 ± 3 ‰ to 381 ± 17 ‰ at the pelagic site, 204 ± 2 ‰ to 359 ± 10 ‰ at the slope site and 

183 ± 12 ‰ to 335 ± 9 ‰ at the littoral site. Interestingly, Δ(2,13) values at the littoral site overlapped 

with values from the littoral sediment for all months except March 2021. 

The inflowing groundwater was characterised by similar but slightly increasing Δ(2,13) values during 

the observation period, ranging from 307 ± 5 ‰ in May 2020 to 335 ± 5 ‰ in October 2020. Due to 

technical issues the δ2H-CH4 value of inflowing groundwater in March 2021 could not be measured. 

Therefore, its Δ(2,13) value could not be calculated. However, as the δ13C-CH4 values of October 

 
6 Please note that parts of this section are taken from Einzmann et al. (2022). 
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2020 (-23.4 ‰) and March 2021 (-22.0 ‰) were very similar, the Δ(2,13) value of inflowing 

groundwater was estimated to be similar to the one in October 2020 (335 ± 5 ‰).  

 

Figure 23. Δ(2,13) values found in the epilimnion (blue), metalimnion (red), hypolimnion (black), sediment 

(brown) and inflowing groundwater (green) at the (A) pelagic, (B) slope and (C) littoral sites at Lake 

Willersinnweiher for May, July, October 2020 and March 2021. Δ(2,13) values are shown as concentration-

weighted means (n = 3 to 5) with pooled standard deviations. The asterisk indicates that the Δ(2,13) value of GW 

West in shown for March 2021 is estimated from similar stable carbon isotope values of methane from October 

2020. Grey background colours indicate the stratification period and white background colours represent the 

mixing period. 

3.5 Seasonal methane emissions  

3.5.1 Diffusion 

Diffusion rates of CH4 at the atmosphere-water interface were measured in the period from August 

2019 to September 2021. Methane diffusion rates were determined at the pelagic, slope and littoral 

sites for each sampled month. In some months diffusion rate data is missing due to technical problems 

or the trapping of gas bubbles with high CH4 concentrations that influenced the CH4 mixing ratio in 

the headspace of the floating chamber. Samples for the determination of diffusive δ13C-CH4 and 

δ2H-CH4 values of CH4 emissions were collected between March and September 2021 and calculated 

applying the Keeling plot method (section 2.3.2). 

3.5.1.1 Diffusion rates of methane 

Diffusion flux rates of CH4 measured at Lake Willersinnweiher are shown in Figure 24 and ranged 

from 0.030 to 0.827 mmol m-2 d-1, 0.125 to 0.578 mmol m-2 d-1 and 0.019 to 0.904 mmol m-2 d-1 for the 

pelagic, slope and littoral sites, respectively. Methane diffusion flux rates showed large variations; 
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however, higher rates during the stratification period compared to the mixing period were determined. 

The highest diffusion rate was observed at the littoral site in October 2019 accounting for 

0.904 mmol m-2 d-1, while the smallest rate was found at the littoral site in March 2021 with 

0.019 mmol m-2 d-1. Methane diffusion rates were highest at the littoral site during late-stage 

stratification in 2019 and 2020, while they were much smaller compared to diffusion rates at the 

pelagic and slope site in 2021. Conversely, diffusion rates recorded at the pelagic site in 2021 were 

usually highest, followed by diffusion rates obtained at the slope site.  

 

Figure 24. Diffusive CH4 flux rates at the pelagic (blue), slope (green) and littoral (orange) site of Lake 

Willersinnweiher from August 2019 to September 2021. Data where diffusive CH4 flux rates of only one or two 

site(s) are shown indicate that no flux rate(s) were determined at the missing site(s) due to technical issues. Grey 

background colours indicate the stratification period and white background colours represent the mixing period. 

3.5.1.2 Stable carbon and hydrogen isotope values of methane emitted via diffusion7  

Methane released via diffusion from the lake at the water-atmosphere interface during the stratification 

period (May 2021 to September 2021) recorded similar ẟ13C-CH4 values at the three sampled sites 

varying between -52 ‰ and -58 ‰ (Table 4). ẟ2H-CH4 values, however, showed higher variations 

ranging from -195 ‰ to -310 ‰ at the different sites. The highest δ2H-CH4 values of CH4 released 

from the surface water during stratification period were recorded at the littoral site in August 2021 

(-195 ± 22 ‰). During the mixing period (March 2021), CH4 emitted from the lake was significantly 

enriched in the heavier isotopes compared to the stratification period at all three sites ranging from 

-36 ‰ to -42 ‰ and ẟ2H-CH4 values from 1 ‰ to 26 ‰. 

 

 
7 Please note that parts of this section are taken from Einzmann et al. (2022). 
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Table 4. Stable carbon and hydrogen isotope values of CH4 released from the lake surface water into atmosphere 

via diffusion. SDs are given as the standard error of the linear regression using the Keeling plot method (taken 

from Einzmann et al. (2022)). 

Month Site δ13C-CH4 diffusion [‰] δ2H-CH4 diffusion [‰] 

March 2021 

pelagic 

-37 ± 1 1 ± 34 

May 2021 -56 ± 1 - 

June 2021 -59 ± 1 -310 ± 8 

July 2021 -52 ± 1 -208 ± 3 

August 2021 -54 ± 1 -250 ± 25 

September 2021 -53 ± 1 -271 ± 4 

March 2021 

slope 

-42 ± 1 26 

May 2021 -53 ± 2 - 

June 2021 -58 ± 1 -306 ± 13 

July 2021 -53 ± 2 -205 ± 14 

August 2021 -53 ± 1 - 

September 2021 -52 ± 1 -220 ± 11 

March 2021 

littoral 

-36 ± 8 - 

May 2021 - - 

June 2021 - - 

July 2021 -53 ± 1 -250 ± 14 

August 2021 -51 ± 1 -195 ± 22 

September 2021 -55 ± 2 -224 ± 4 

3.5.2 Ebullition 

Concentrations of CH4 in uprising gas bubbles were measured during field campaigns in November 

2020 and September 2021, while ebullition flux rates were determined in November 2020 and May, 

June, July and August 2021 via inverted funnel traps (section 2.2.7). Methane concentrations of 

uprising gas bubbles could not be analysed for the pelagic site, as it was not possible to collect gas 

bubbles at the surface after releasing CH4 bubbles at the deepest site. Hence, in the rest of this study 

concentration of ebullitive CH4 at the pelagic site were assumed to be similar to the ones at the slope 

site due to similar concentrations and isotopic compositions of CH4 in the sediment of these two sites. 

In July 2020 and March 2021 and ebullitive CH4 could not be collected due to logistical reasons. 

However, the stratification period is represented by data from September 2021 and the mixing period 

by data from November 2020.  

3.5.2.1 Ebullition rates of methane 

Rates of CH4 emitted by ebullition ranged from 0.002 to 8.83 mmol m-2 d-1 and were very variable 

throughout the sampled months at the three sites (Figure 25). Ebullitive CH4 flux rates were up to 

70 times higher during the stratification period when compared to the flux rate obtained during the 

mixing period in November 2020. Highest ebullitive CH4 flux rates throughout all sampled months 

were found at the littoral site during the stratification period ranging from 3.95 to 8.83 mmol m-2 d-1. 

At the pelagic and slope sites, ebullitive CH4 fluxes were much more variable accounting for 0.130 to 

3.78 mmol m-2 d-1 at the pelagic and 0.300 to 2.77 mmol m-2 d-1 at the slope site.  
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Figure 25. Ebullitive CH4 flux rates at the pelagic (blue), slope (green) and littoral (orange) sites of Lake 

Willersinnweiher from November 2020 to September 2021. Grey background colours indicate the stratification 

period and white background colours represent the mixing period. 

3.5.2.2 Concentration and stable isotope composition of ebullitive methane
8
 

During the stratification period in September, CH4 concentrations in uprising gas bubbles reached up 

to 80.8 ± 4.5 % at the littoral site (Table 5). During mixing period in March 2021, CH4 concentrations 

in the gas bubbles were smaller accounting for 62.1 ± 7.4 % at the littoral site and 66.3 ± 1.2 % at the 

slope site.  

Ebullitive δ13C-CH4 values showed distinct differences between the slope and littoral sites. The most 

negative δ13C-CH4 values were found at the slope site in November 2020 (-73.7 ± 1.0 ‰, n = 3). At 

the littoral site, δ13C-CH4 values were less negative compared to the slope site. While in November 

2020 δ13C-values accounted for -50.0 ± 11.6 ‰ (n = 3), they showed more negative values in 

September 2021 yielding -58.0 ± 0.3 ‰ (n = 3). Contrastingly, only small differences in the δ2H-CH4 

values of CH4 released by ebullition were observed. However, δ2H-CH4 values were slightly more 

negative at the slope site in November 2020 with values of -317 ± 0.1 ‰ (n = 3) when compared with 

δ2H-CH4 values determined for the littoral site with values of -326 ± 4 ‰ for November 2020 and 

-323 ± 3 ‰ for September 2021. 

Table 5. Methane concentrations, δ13C-CH4 and δ2H-CH4 values of CH4 released via ebullition at the slope and 

littoral sites of Lake Willersinnweiher in November 2020 and at the littoral site in September 2021. Data show 

mean values with SD (n = 3) (taken from Einzmann et al. (2022)). 

Month Site CH4 mixing ratio [%] δ
13

C-CH4 [‰] δ
2
H-CH4 [‰] 

November 2020 slope  66.3 ± 1.2 -73.7 ± 1.0 -317 ± 0.1 

November 2020 littoral  62.1 ± 7.4 -50 ± 11.6 -326 ± 4 

September 2021 littoral  80.8 ± 4.5 -58 ± 0.3 -323 ± 3 

 
8 Please note that parts of this section are taken from Einzmann et al. (2022). 
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4 Discussion 

4.1 Methane dynamics in the sediment9 

4.1.1 Anaerobic methanogenesis  

The analysis of CH4 concentrations, δ13C-CH4 and δ2H-CH4 values in pore water at the pelagic, slope 

and littoral sites were carried out in order to determine CH4 release rates at the sediment-water 

interface and distinguish between pathways of CH4 formation via methanogenesis in the anoxic 

sediment of Lake Willersinnweiher based on their stable isotope composition. Additionally, isotope 

fractionation factors of carbon between CH4 and CO2 were utilized as a tool to differentiate between 

these different pathways. Generally, two major metabolic pathways are known to be involved in 

anaerobic methanogenesis in anoxic sediments: acetate fermentation and carbon dioxide reduction via 

H2. Acetate fermentation is usually more common in freshwater environments, while CO2 reduction is 

the most abundant pathway in marine systems (Whiticar, 2020). Additional to the two major pathways 

there is also the methylotrophic pathway, where methanogens use e.g., methanol or methylamines as 

substrates for methanogenesis (Conrad, 2005). However, the contribution of the methylotrophic 

pathway was evaluated to below 6 % in previous studies (Lovley and Klug, 1983) and thus its 

contribution to methanogenesis at Lake Willersinnweiher is likely minor and not discussed within this 

study. 

High SO4
2- concentrations of up to 2.5 mmol l-1 prevailed in the water column and the upper sediment 

layers of Lake Willersinnweiher due to the input from SO4
2- rich groundwater. A feature that is rare for 

freshwater environments. Sulphate in the groundwater originated from pyrite oxidation in the 

Quaternary river sediments of Rhine, which occurs in the catchment upstream of the lake (Isenbeck-

Schröter et al., 2016; Schröder, 2004). Previous studies found that high SO4
2- concentration in the 

sediment (Figure 9C, G, M, R, W, AB) effectively inhibit methanogenesis, due to the competition for 

prevailing H2 as substrate between SRB and methanogenic archaea (Holmer and Storkholm, 2001; 

Reeburgh, 2007; Schubert et al., 2011). Moreover, decreasing SO4
2- and CH4 concentrations in the 

upper part of the sediment indicated the occurrence of SO4
2--dependent AOM at Lake 

Willersinnweiher, that effectively limited CH4 release from the sediment into the water column. 

(Kleint et al., 2021; section 4.1.2 for further discussion of AOM). Thus, CH4 concentrations found in 

the sediment cores of all three sampling sites were usually higher in the lower part of the sediment, 

 
9 Please note that parts of this section are taken from Einzmann et al. (2022). 
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where SO4
2- concentrations were low or not present at all (Figure 9B, F, L, O, V, AA). Hence, the 

below discussed methanogenesis is most likely limited to the lower part of the sediment. 

Nevertheless, sediments of Lake Willersinnweiher were found to release CH4 to the water column all 

year. At all three investigated sites (pelagic, slope, littoral) a trend towards higher rates was found with 

succession of the stratification period (Figure 10A, B, C). This increase in CH4 release rates was most 

likely caused by elevated temperatures and subsequently higher microbial activities in the sediment in 

the course of the summer (Natchimuthu et al., 2016). Even though changes in temperature during the 

observed months were highest in the shallow littoral zone, CH4 release rates from the sediments were 

smaller compared to the ones observed at the pelagic site. This observation is in agreement with a 

recent study by Kleint et al. (2021) and indicates that the conversion of organic matter and thus 

methanogenesis was more intensive in greater water depths. Furthermore, observed CH4 release rates 

at the sediment-water interface were well within the range of rates reported in other studies, e.g., by 

Schubert et al. (2011) (1.12 mmol m-2 d-1) for lake Cadagno, Norði et al. (2013) 

(1.8 ± 0.2 mmol m-2 d-1) for lake Ørn, Bastviken et al. (2004) 3.87 to 5.05 mmol m-2 d-1 for various 

northern lakes and (Kelly and Chynoweth (1981) (2.5 to 15.2) mmol m-2 d-1 for two northern lakes and 

previous reported rates for Lake Willersinnweiher ranging from 0.04 to 0.96 (Kleint et al., 2021). 

Methanogenic pathways can be inferred by utilizing δ13C-CH4 and δ2H-CH4 values, as CH4 produced 

via the acetate formation pathway is usually characterised by δ13C-CH4 values between -60 ‰ to 

-40 ‰ and δ2H-CH4 values ranging from -400 ‰ to -250 ‰ (Whiticar, 2020). Based on δ13C-CH4 

values in the pore water at the pelagic site (Figure 9B, G) CO2 reduction via H2 was the predominant 

pathway of methanogenesis there. In shallower areas of the lake (slope and littoral sites) a shift 

towards more positive δ13C-CH4 values in the lower part of the sediment was apparent. Therefore, CH4 

more enriched in 13C at the shallower sites compared to the pelagic site indicated a shift towards a 

higher contribution of CH4 formation from the acetate pathway. Contrary to δ13C-CH4 values, 

δ2H-CH4 values were not influenced by the water depth of sampling site and showed similar values at 

the pelagic, slope and littoral sites. Thus, the measured δ2H-CH4 values suggest that they yield only 

little information about the methanogenic pathway in sediments but might rather depend on δ2H values 

of the coexisting source water (not measured in this study; Waldron et al., 1998; Nakagawa et al., 

2002; Sugimoto and Wada, 1995). 

Additionally, to stable isotope measurements of CH4, αCO2-CH4 is a useful tool to differentiate between 

the occurring methanogenic pathways. Calculated αCO2-CH4 values for Lake Willersinnweiher were in 

the range of 1.062 ± 0.009 to 1.067 ± 0.007 at the pelagic site, 1.055 ± 0.002 to 1.057 ± 0.009 at the 

slope site and 1.041 ± 0.004 to 1.052 ± 0.001 at the littoral site. These values were well in the range of 

αCH4-CO2 values reported for different methanogenic cultures ranging from 1.021 to 1.071 for 

hydrogenotrophic methanogenesis and 1.007 to 1.021 for acetate-dependent methanogenesis 

(Conrad, 2005).  
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Moreover, αCH4-CO2 values in the sediment cores of Lake Willersinnweiher showed an increase from the 

pelagic site (1.062 ± 0.009 to 1.067 ± 0.007) towards shallower littoral site (1.041 ± 0.004 to 

1.052 ± 0.001). Similar to sedimentary δ13C-CH4 values, this increase in αCH4-CO2 values from the 

pelagic to the littoral sites indicates a stronger contribution of acetate dependant methanogenesis 

pathway at shallower sites compared to hydrogenotrophic methanogenesis as the predominant 

methanogenesis pathway at the deeper pelagic site. Additionally, whether the lake was stratified or 

completely mixed did not seem to influence observed αCH4-CO2 values, thus inferring that the 

stratification mode of the lake did not influence prevailing methanogenesis pathways at the respective 

sites.  

However, apart from the methanogenesis, there were various further parameters and processes that 

potentially influenced the stable isotope composition of CH4 in the sediment. One factor influencing 

the δ13C-CH4 and δ2H-CH4 values of CH4 from methanogenesis might be the isotopic signature of 

fresh organic matter input. It is reasonable to assume that organic matter input and conversion varies 

considerably with water depth. At the littoral site, fresh organic matter from aquatic vegetation and the 

shore most likely promoted the occurrence of more 13C- and 2H-CH4 enriched CH4, thus indicating 

methanogenesis predominantly via the acetate pathway. Whereas at the deeper pelagic and slope sites, 

organic matter input was likely scarce and consisted of relatively decomposed material which might 

have been the main driver of a shift towards higher contribution of hydrogenotrophic methanogenesis 

with greater water depth (Bouchard et al., 2015; Thottathil and Prairie, 2021; Wik et al., 2020).  

Less negative δ13C-CH4 and δ2H-CH4 values at the littoral site compared to the slope and pelagic sites 

could possibly arise from oxidation at the oxic-anoxic interface through the contact of O2 rich water 

masses of the epilimnion with the uppermost sediment layers. Thus, sedimentary CH4 diffusing 

upwards in the sediment was likely partially consumed by MOx leading to an enrichment in 13C-CH4 

and 2H-CH4 values. This isotopic enrichment, however, could also be caused by SO4
2--dependent 

AOM taking place in the upper part of the sediment cores, where high SO4
2- concentrations prevailed 

(Wegener et al., 2021; Whiticar, 2020; Tsunogai et al., 2020;section 4.1.2 for further discussion about 

AOM) 

Additionally, δ13C- and δ2H-CH4 values in the sediment at the littoral site might be more easily 

influenced by mixing of pore water with lake water, as the littoral sediment is composed of more 

sandy components compared to the sediment at the pelagic/slope sites which facilitated potential 

mixing. 
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4.1.2 Anaerobic methane oxidation - sulphate-methane transition zones  

Evidence for the occurrence of CH4 oxidation in the sediment of Lake Willersinnweiher was found 

similar to a recent study by Kleint et al. (2021). Due to the anoxic character of the sediment, CH4 

oxidation in the sediment likely took place via AOM through anaerobic methanotrophic archaea 

(ANME). Due to high prevailing SO4
2- concentrations in Lake Willersinnweiher ANME were 

presumably associated with SRB leading to decreasing CH4 and SO4
2- concentrations in the upper 

sediment (Boetius et al., 2000; Su et al., 2020; Weber et al., 2017). Anaerobic methane oxidation 

counteracts methanogenesis, which occurs in the lower part of the sediment where SO4
2- 

concentrations and the activity of SRB are low (section 4.1.1 and references therein). In the upper part 

of the sediment, methanogenesis was likely inhibited by high SO4
2- concentrations and SRB 

thermodynamically outcompeting methanogens for available substrates such as H2 (Holmer and 

Storkholm, 2001; Reeburgh, 2007; Schubert et al., 2011). Thus, CH4 diffusion from the sediment into 

the water column was effectively limited (Bastviken et al., 2002; Kleint et al., 2021; 

Norði et al., 2013). In this study, CH4 release from the sediment was thereby reduced by 30 to 90 %, a 

range that is similar to values recently reported by Hartmann (2018) where a reduction between 60 to 

90 % was found. 

In the sediment of Lake Willersinnweiher, several parameters indicated the existence of a zone of 

AOM in the sediment that was observed throughout the whole year. Methane concentration profiles 

and flux calculations of sediment cores showed that SO4
2- concentrations strongly declined in the pore 

water of the upper part of the sediment implying the presence of SRB and identifying the sediment as 

a sink for SO4
2- as also reported by Kleint et al. (2021) (e.g., Figure 9C, H). Simultaneously, CH4 

concentrations also decreased towards the sediment-water interface, thereby strongly indicating 

SO4
2--dependent AOM and the existence of SMTZs. Sulphate-methane transition zones are rarely 

found in freshwater environment due to mostly low prevailing SO4
2- concentrations and have only 

been described in a few limnic environments including e.g., lake Cadagno (Schubert et al., 2011) and 

Lake Willersinnweiher Kleint et al. (2021). However, SMTZs are very common in marine 

environments due to the high SO4
2- concentrations in the ocean (Whiticar, 2020). The conversion of 

CH4 via SO4
2--dependent AOM led to the increase of S2- and DIC concentrations according to 

Eq. (34). Thus, AOM and other reactions involved in DIC production (indicated by increasing DIC 

concentrations) due to the conversion of organic matter, DIC was released from the sediment-water 

interface all year round (Figure 10G, H, I). Furthermore, DIC produced via this reaction then likely led 

to the formation of carbonates in the upper part of the sediment, which was indicated by coincidingly 

decreased Ca2+ concentrations (e.g., Figure 9E, J; Knittel and Boetius, 2009; Schubert et al., 2011). 

 𝐶𝐻4 +  𝑆𝑂4
2− + 𝐶𝑎2+  → 𝐶𝑎𝐶𝑂3 + 𝐻2 𝑆 + 𝐻2 𝑂 (34) 

The increase in DIC concentrations with increased sediment depth was further linked to a shift 

towards more negative δ13C-DIC values in the zone of the sediment where AOM was present (Fig. 9, 
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yellow bars). This shift was caused by the preferential oxidation and conversion of lighter 12C-CH4 by 

methanogens and subsequent implementation of 12C into DIC leading to more negative δ13C-DIC 

values (Knittel and Boetius, 2009; Schubert et al., 2011). However, this shift might have also been 

influenced by remineralization of fresh relatively undecomposed organic matter, which predominantly 

comprises 12C (Schubert et al., 2011). Below the zone of AOM an increase in δ13C-DIC values was 

usually observed. This increase probably originated from production of CH4 via hydrogenotrophic 

methanogenesis, which led to an enrichment of 13C-DIC in the remaining DIC (Schubert et al., 2011) 

through the preferred metabolization of 12C-DIC.  

Another indication for AOM was examined by the investigation of δ13C-CH4 and δ2H-CH4 values of 

pore water in the sediments. More positive stable isotope values of CH4 in the SMTZ compared to the 

rest of the sediment were characterised by an increase of δ13C-CH4 and δ2H-CH4 values of up to 25 ‰ 

and 60 ‰, respectively (Figure 9B, G, L, Q, V, AA). However, in some sediment profiles no increase 

in δ13C-CH4 or δ2H-CH4 values typical for AOM was present. Possible reasons for this observation 

are: 1) methanogenesis and AOM occurred simultaneously. Thus, if CH4 production rates were 

substantially higher compared to AOM rates, this would have resulted in more negative or no change 

in δ13C-CH4 and δ2H-CH4 values. 2) CH4 with more negative δ13C-CH4 and 2H-CH4 values could 

potentially be converted by ANME and SRB to more depleted 13C-DIC, which again would result in 

the production of relatively negative δ13C-CH4 values by methanogens (Su et al., 2020). 3) A carbon 

isotope equilibrium between CH4 and CO2 could be established by microorganisms caused by forward 

and backward AOM in the SMTZ (Chuang et al., 2019; Yoshinaga et al., 2014). 4) Isotope 

fractionation factors of carbon and hydrogen during AOM are dependent on prevailing SO4
2- 

concentrations. Thus, even a depletion in 13C of residual CH4 (
13α = 0.977) was reported in laboratory 

incubations for SO4
2--dependent AOM and SO4

2- concentrations similar to Lake Willersinnweiher 

(1.5 mmol l-1). Contrastingly, for higher SO4
2- concentrations an enrichment in 13C of the residual CH4 

was found (10 mmol l-1; 13α = 1.155) (Wegener et al., 2021).  

In the zones of the sediment Lake Willersinnweiher that were characterised by decreasing CH4 

concentrations and increasing δ13C-CH4 and δ2H-CH4 values, thus AOM was supposedly present, 

apparent fractionation factors ranged between 1.000 to 1.087 for 13α and 0.980 to 1.460 for 2α. Isotopic 

fractionation factors of AOM determined from in situ isotopic signatures have to be considered with 

care since methanogenesis and AOM might coexist and overlap in the sediment. Furthermore, carbon 

isotope equilibrium effects might in opposite ways affect the isotopic composition of sedimentary 

CH4. Nevertheless, isotopic fractionation values determined for Lake Willersinnweiher are in a similar 

range as previously reported isotopic fractionation factors for other limnic, marine, brackish and lab 

culture studies. In Lake Cadagno, a freshwater lake, where SO4
2--dependent AOM and SMTZ was 

reported, 13α values were estimated to be 1.031 (Schubert et al., 2011), while in marine and brackish 

environments 13α and 2α values were found to range from 1.009 to 1.024 and 1.120 to 1.157, 

respectively (Knittel and Boetius, 2009; Whiticar et al., 1986). In lab culture studies, Holler et al. 
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(2009) found similar fractionation factors compared to Lake Willersinnweiher ranging from 1.012 to 

1.039 for 13α and 1.109 to 1.315 for 2α.  

Input of SO4
2- rich groundwater from below the lake sediments might be a further factor influencing 

AOM in Lake Willersinnweiher. Sulphate was completely consumed below the SMTZ. However, in 

the lowermost depths of the sediment core, an increase of SO4
2- was frequently observed indicating the 

potential input of SO4
2- by groundwater. Thus, higher SO4

2- concentrations in the lowermost sediment 

potentially inhibited methanogenesis similarly to the upper part of the sediment where SO4
2- was 

present. This provided potential for a further zone of AOM in the lowermost part of the sediment. 

Besides SO4
2-, a succession of other different compounds (NO3

-, NO2
-, Fe2+, Mn2+) can be utilized as 

terminal electron donors by methanotrophs in order to gain energy from the oxidation of CH4. At Lake 

Willersinnweiher, other potential electron donors such as, NO3
- and Fe2+ showed only small 

concentrations in the pore water compared to SO4
2-. Therefore, their impact was likely negligible, even 

though thermodynamically these compounds would be preferentially converted (Kleint et al., 2021; 

Schröder, 2004).  

However, Mn2+ was abundant in the pore water and determination of fluxes showed that Mn2+ was 

released at the sediment-water interface throughout the year (Figure 10G, H, I). Thus, Mn2+ -dependent 

AOM yields another possibility besides SO4
2--dependent AOM (Kleint et al., 2021). However, due to 

the dominance of SO4
2- compared Mn2+ concentrations the contribution of Mn2+-dependent AOM was 

likely subsidiary. Nonetheless, similar to a proposition by Su et al. (2020) for lake Cadagno, Mn2+ at 

lake Willersinnweiher could be potentially involved in SO4
2--dependent AOM by re-oxidizing reduced 

sulphur compounds to SO4
2- via the reduction of MnO2 (Figure 26; Kleint et al., 2021). In past studies 

this process has also been described for limnic and marine systems, where AOM was coupled to 

re-oxidation of sulphur compounds via iron(III)-oxide reduction (Chuang et al., 2019; Holmkvist et 

al., 2011; Norði et al., 2013).  

 

Figure 26. Scheme of the reaction pathways and interaction of carbon, sulphur, and manganese compounds as 

well as AOM and MOx in the sediment of Lake Willersinnweiher (taken from Kleint et al., 2021). 
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4.2 Methane dynamics in the water column10 

4.2.1 Aerobic methane oxidation 

Aerobic methane oxidation was a prominent process in the water column of Lake Willersinnweiher 

throughout the year. It was investigated both via concentration and isotopic measurements in the water 

column of the pelagic site and incubations experiments with water samples from the pelagic site. 

Aerobic methane oxidation occurred especially in the metalimnion and was indicated by decreasing 

CH4 and O2 concentrations as well as a concomitant increase in δ13C-CH4 and δ2H-CH4 values (Figure 

17). During stratification period sedimentary CH4 migrating upwards in the water column was almost 

completely oxidized at the bottom of the oxycline. Thus, MOx diminished CH4 fluxes from the anoxic 

hypolimnion towards the epilimnion, thereby prevented higher contribution of hypolimnic CH4 to the 

meta- and epilimnion, and consequently to higher CH4 fluxes from the surface water layer to the 

atmosphere (e.g., Reeburgh, 1996; King, 1992). 

In the lower metalimnion, strongly enriched 13C-CH4 and 2H-CH4 and low CH4 concentrations 

compared to the rest of the water column, clearly implied the presence of MOB and occurring MOx. 

The shift towards increasing δ13C-CH4 and δ2H-CH4 values is a result of the preference of MOB to 

consume the thermodynamically more favourable, lighter 12C-CH4 / 1H-CH4 isotopologues. This 

process led to the enrichment of the heavier isotopologues 13C-CH4 and 2H-CH4 in the residual CH4 

pool and is therefore characteristic for MOx (e.g., Coleman et al., 1981; Barker and Fritz, 1981).  

Thus, carbon (αC) and hydrogen (αH) isotopic fractionation factors of 1.009 ± 0.002 and 1.068 ± 0.015 

also expressing stable isotope enrichment of 13C-CH4 and 2H-CH4 were determined. While values 

obtained for αC were in the same order of magnitude as αC values determined in experimental studies 

(1.003-1.039; Templeton et al., 2006), αH values obtained were substantially lower compared to the 

ones reported in closed culture studies (1.103-1.325; Coleman et al., 1981). However, stronger 

isotopic enrichment of 2H compared to 13C (≈ 6 times higher) during MOx at Lake Willersinnweiher 

was identified by the higher αH compared αC values, as also shown in numerous previous studies (e.g., 

Coleman et al., 1981; Feisthauer et al., 2011). 

A further indicator of MOx was the increase of DIC and concomitant decrease in δ13C-DIC values 

(e.g., Figure 9X, AC). Oxidation of CH4 led to the formation of CO2, which was mainly converted to 

HCO3
- due to pH ≈ 7 in these water depths. Since MOB preferably metabolize the lighter 12C-CH4, the 

resulting DIC showed more negative δ13C-DIC values compared to epilimnic DIC. In the 

hypolimnion, DIC concentrations increased and δ13C-DIC decreased further due to DIC released via 

the remineralization of organic matter at the sediment surface and from sedimentary DIC fluxes that 

were observed all year at Lake Willersinnweiher. 

 
10 Please note that parts of this section are taken from Einzmann et al. (2022). 
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MOx rates determined via incubation experiments demonstrated that MOx occurred throughout the 

epilimnion and metalimnion during stratification periods. Two profiles of MOx rates determined in 

July and September 2021 accounted for up to 950 ± 149 nmol l-1 d-1 and showed an increase towards 

the oxycline as well as length of the stratification period. An increase of O2 and CH4 fluxes towards 

the oxycline furthermore supported the occurrence of higher MOx rates towards the end of the 

stratification period (Figure 14B, C). Highest MOx rates in both profiles were furthermore 

characterised by the most positive δ13C-CH4 and δ2H-CH4 values as well as lowest CH4 

concentrations. Compared to MOx rates of other lakes, the ones found at Lake Willersinnweiher are in 

the upper range (Table 6). 

Table 6. Aerobic methane oxidation rates reported for different lakes. 

Lake Aerobic methane oxidation rate [nmol l
-1

 d
-1

] Reference 

Lake Willersinnweiher 44 ± 5 to 950 ± 149  This study 

Lake Biwa 0.33 to 55 
Murase and Sugimoto 

(2005) 

Mono Lake 59 to 123 Carini et al. (2005) 

Lake Gek-Gel 18 to 25 Pimenov et al. (2010) 

Lake Rotsee 5000 Schubert et al. (2010) 

Lake Rotsee 15 to 146 Oswald et al. (2015) 

Lake Stechlin 89 to 103 Tang et al. (2016) 

Five northern lakes 10 to 540 Thottathil et al. (2019) 

The occurrence of MOx in the water column was dependent on several factors. The observation that 

highest MOx rates were found at the chemocline suggests that MOB were most active at low O2 levels 

and that their presence was restricted by higher O2 concentrations in the upper water body (Rudd et al., 

1976). Apart from O2 concentration, the light availability in the photic zone was shown to be another 

controlling factor of MOx. Murase and Sugimoto (2005) found that MOx was inhibited under light 

conditions, which might explain the observation of lower MOx rates determined for lower water 

depths at Lake Willersinnweiher (Figure 17). Opposingly, Oswald et al. (2015) linked MOx to 

photosynthesis driven O2 production and therefore also reported a light dependency of MOx. 

Moreover, in contrast to methanogenesis, MOx was also found to be rather insensitive to temperature 

(Sepulveda-Jauregui et al., 2018). 

Interestingly, during the mixing period, the whole water body of Lake Willersinnweiher was 

characterised by low CH4 concentrations (between 0.05 µmol l-1 to 0.07 µmol l-1) compared to the 

stratification periods. Isotope values, strongly enriched in 13C-CH4 and 2H-CH4 (ranging from -30 ‰ 

to -42 ‰ and -40 ‰ to +20 ‰, respectively) indicated extensive MOx, but O2 concentrations were 

high and in equilibrium with the atmosphere. Furthermore, MOx rates of 140 nmol l-1 were determined 

at a depth of 7 m during March 2021 showing that MOx was present in the water column, even though 
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O2 concentrations were high, thus challenging the previously discussed O2 sensitivity of MOx. Due to 

the lack of MOx rates determined in the upper water column during the stratification period it is hard 

to assess the potential role of light driven inhibition of MOx. However, based on the determination of 

MOx rates during mixing period light dependent inhibition of MOx seemed more plausible at Lake 

Willersinnweiher than O2-dependent MOx inhibition. Nevertheless, more detailed research in the 

future is needed to assess potential inhibitions of MOx at Lake Willersinnweiher. Compared to the 

MOx rates during the stratification period the rates during the mixing period (at the corresponding 

depths) were smaller but still in the range of MOx rates discussed above.  

Even though MOx was present during the mixing period, CH4 was still supersaturated in the whole 

water column, thus indicating one or more CH4 sources contributing to dissolved CH4 concentrations. 

Potential CH4 sources during mixing period include diffusion from the sediment and inflowing 

groundwater. Interestingly, CH4 input from groundwater was characterised by high concentrations 

(≈ 1 to 2 μmol l-1) and unusually positive δ13C-CH4 and δ2H-CH4 values (-36.8 ‰ to -4.01 ‰ and 

+83 ‰ to +185 ‰, respectively) reported only for few other groundwater systems (Schloemer et al., 

2016). Thus, groundwater input in addition to MOx might have also significantly contributed to CH4 

concentration dynamics and its stable isotope composition in the water column of Lake 

Willersinnweiher during the mixing period.  

4.2.2 Oxic methane production and potential precursor compounds 

Oxic methane production in oxygenated water layers has been reported in numerous studies despite 

the long-standing paradigm that methanogenesis only occurs under anaerobic conditions (e.g., 

Grossart et al., 2011; Donis et al., 2017; Günthel et al., 2019, 2020; Hartmann et al., 2020; Bižić et al., 

2020a; Klintzsch et al., 2019; Lenhart et al., 2016; León-Palmero et al., 2020). Thus, OMP might play 

an important factor for CH4 emissions of limnic and marine systems, because CH4 produced in the 

oxic water column is produced near the water surface and thus potentially circumvents MOx in the 

water column of lakes (Hartmann et al., 2020; Tang et al., 2016). Oxic methane production is 

associated with CH4 formation from inter alia algae and cyanobacteria in freshwater and marine 

environments and therefore coupling of OMP and primary production has been proposed in several 

studies (Bogard et al., 2014; Grossart et al., 2011; Hartmann et al., 2020; Klintzsch et al., 2019; 

Lenhart et al., 2016; León-Palmero et al., 2020; Morana et al., 2020; Wang et al., 2017, 2021).  

Interestingly, a local CH4 concentration peak that was frequently observed in the upper metalimnion of 

Lake Willersinnweiher usually coincided with a peak in Chl-a, also indicating a linkage between CH4 

production and phytoplankton activity (Figure 9A, B and Figure 11D). Nevertheless, local CH4 peaks 

in the upper metalimnion could also be caused by physical processes such as lateral transport from 

CH4 from the littoral area (Donis et al., 2017). Furthermore, density flows generated by differential 

cooling of the lake water, meaning that water from shallower areas of the lake cools faster than the 
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water masses at the pelagic areas might lead to a mixture of water masses from the shallower and 

deeper part of the lake and therefore contribute to the formation of local CH4 peaks in the upper 

metalimnion (Doda et al., 2022).  

Therefore, due to the multiple possible pathways contributing to CH4 concentrations in the epilimnion 

of lakes, a mass balance approach was applied in order to disentangle these different CH4 sources and 

evaluate the occurrence of CH4 production in this water layer. Hence, CH4 production rates in the 

epilimnion of Lake Willersinnweiher were estimated via a mass balance approach similar to Donis et 

al. (2017) and Günthel et al. (2019), considering steady-state conditions. Methane production rates in 

the epilimnion accounted for 47 ± 27 to 129 ± 36 nmol l-1 d-1 at the beginning (May 2020) and end of 

stratification season (October 2020), while no CH4 production was clearly obvious when stratification 

was most strongly developed and during the mixing period (Figure 14). The estimated CH4 production 

rates are in accordance with previously reported ones for Lake Willersinnweiher (65 ± 50 to 

280 ± 200 nmol l-1 d-1; Hartmann, 2018), but also other lakes (Table 7). As no methods for directly 

measuring OMP rates exist as of yet, mass balances are an important approach to estimate OMP in 

lakes. However, large uncertainties still prevail in the mass balance derived estimations of OMP, due 

to the complex interplay of CH4 sources and sinks in limnic systems. Nevertheless, further research 

about the spatial and temporal variations of CH4 sources and sinks will reduce these uncertainties in 

future studies. The mass balance approach combined with further evidence (precursor compounds of 

OMP; discussed below), strongly suggested that CH4 production in the oxygenated water layer 

occurred at least seasonally and might have played an important role in the CH4 cycle of Lake 

Willersinnweiher. However, even though estimations of CH4 production in the surface water of 

various lakes were found, there is still a lack of knowledge about the mechanisms and processes 

underlying this CH4 production and involved processes might vary substantially between different 

lakes and/or aquatic systems. 

Table 7. Rates of OMP reported for different lakes. 

Lake Methane production rate [nmol l
-1

 d
-1

] Reference 

Lake Willersinnweiher 47 ± 27 to 129 ± 36 This study 

Lake Willersinnweiher 65 ± 50 to 280 ± 200 Hartmann (2018) 

Lake Stechlin 38 to 210 

Grossart et al. (2011), 

Günthel et al. (2019), 

Hartmann et al. (2020) 

Lake Cromwell 210 to 240 Bogard et al. (2014) 

Lake Hallwil 110 Donis et al. (2017) 

Yellowstone Lake 0.2 to 0.7 Wang et al. (2017) 

Lake Bonney 54 to 257 Li et al. (2020) 
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To better understand the mechanisms and processes involved OMP, stable isotope analysis and 

characterisation constitute an important tool to potentially distinguish between CH4 originating from 

OMP or other sources such as anoxic methanogenesis.  

At Lake Willersinnweiher δ13C-CH4 values in the upper metalimnion, which were characterised by a 

local CH4 and Chl-a peak during stratification period ranged from -40 ‰ to -48 ‰ (Figure 13). Hence, 

CH4 there was enriched in 13C compared to CH4 originating from anoxic methanogenesis. Similar 

observations were made in several other lakes, e.g., Lake Stechlin (-49 ‰ to 52 ‰, 

Hartmann et al., 2020), Lake Cromwell (-40 ‰, Bogard et al., 2014), Lake Hallwil (-60 ‰, Donis et 

al., 2017) and Lake Biwa (-50 ‰, Tsunogai et al., 2020), which all showed CH4 enriched in 13C in the 

oxygenated water column compared to sedimentary CH4. The isotopic source signatures of CH4 

produced in the oxygenated water column, e.g., via phytoplankton might therefore give important 

insight about the possible contribution of OMP to surface CH4 supersaturation. However, for limnic 

systems, no data for the stable isotopic source signatures of δ13C-CH4 and δ2H-CH4 values of OMP are 

available yet. However, recently Klintzsch (2021) reported that δ13C-CH4 values of CH4 produced by 

three marine algae were in the range of -43.2 ‰ to -21.6 ‰. If similar δ13C-CH4 and δ2H-CH4 values 

prevailed for CH4 produced by limnic phytoplankton, contribution of OMP to the epilimnic CH4 pool 

might at least partially explain the observed CH4 enriched in 13C in various lakes. Therefore, in future 

studies, the investigation of the isotopic source signatures of CH4 produced via OMP might become a 

crucial tool in distinguishing this source from other CH4 sources. However, the observed stable isotope 

composition of CH4 in the water column might also be influenced by enrichment of 13C-CH4 and 

2H-CH4 due to MOx (Donis et al., 2017). Thus, in future studies, incubation experiments in which 

MOx is inhibited might give further insight into the origin of isotopic enrichment of CH4 in the upper 

metalimnion of lakes. 

In order to identify precursor compounds of CH4 potentially contributing to OMP in Lake 

Willersinnweiher, incubation experiments of lake water with the addition of 13C- and 2H-labelled 

compounds were conducted (section 3.2.7). Due to the association of OMP with phytoplankton in 

previous studies, lake water was chosen that exhibited the highest Chl-a concentrations and was 

characterised by a local CH4 peak. The addition of 13C-labelled MPn, 2H-labelled MA and MET 

resulted in a strong increase in the δ13C-CH4 and δ2H-CH4 values in the water samples. This showed 

that the isotopically labelled methyl groups of these compounds were converted to CH4. Hence, MPn, 

MA and MET were identified as potentially important precursor compounds contributing to OMP at 

Lake Willersinnweiher. The quantitative contribution of these compounds to CH4 in the oxic water 

column of Lake Willersinnweiher, however, remains unknown, as the concentration of these 

compounds in the lake water could not be analysed in the scope of this study. The increase in 

δ13C-CH4 or δ2H-CH4 values during the incubation experiments suggested that 1.7 % of the added 

13C-MPn and less than 0.001% of added 2H-MA, and 2H-MET, respectively, were converted to 

13C-CH4/ 
2H-CH4. Supplementing 2H-labelled TMA to lake water samples did not cause an increase in 
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the water samples and hence was not considered to be a potential precursor compound of CH4 in the 

oxic water column of Lake Willersinnweiher. In the scope of the incubation experiment also water 

samples filtered through a 0.2 μm pore size filter and supplemented with 13C- or 2H-labelled 

substances, were investigated. In these filtered water samples similar to the controls, no formation of 

13C-CH4 and 2H-CH4 was detected. Therefore, the formation of CH4 in the water samples of Lake 

Willersinnweiher was attributed to prevailing phytoplankton and microorganisms, thus providing 

further evidence for the possible linkage between OMP and phytoplankton. In the following 

paragraphs the investigated precursor compounds of OMP are discussed.  

MPn has been linked to OMP and supersaturation of the oxygenated water column in limnic and 

marine environments by several studies (Karl and Tilbrook, 1994; Khatun et al., 2019; Repeta et al., 

2016; Wang et al., 2017). Methane is formed from MPn via the microbial cleavage of the C-P bond 

resulting in the dissociation of the methyl group from MPn (Kamat et al., 2013). However, CH4 is 

merely a by-product, as microorganisms probably developed this mechanism in order to release 

phosphorous from MPn since it is often the limiting nutrient in aquatic environments (Dyhrman et al., 

2009). In the freshwater environment genes for the C-P lyase pathway have been detected in 

heterotrophic bacteria and cyanobacteria (Kutovaya et al., 2013; Wang et al., 2017; Yao et al., 2016), 

but these genes are only expressed under phosphorous limited conditions. Moreover, the degradation 

of MPn might not only lead to the formation of CH4 but also other compounds such as formate (Sosa 

et al., 2019). In incubation experiments with water from the oxygenated water column of lake Stechlin 

Grossart et al. (2011) reported no increase in CH4 production rates when MPn was added. On the 

contrary, CH4 production rates were enhanced when MPn was supplemented in similar experiments by 

(Bižić-Ionescu et al., 2018) suggesting that MPn constituted a potential source of CH4 in lake Stechlin. 

These conflicting observations might be caused by the differences in the availability of phosphorous 

between the two incubation experiments; however exact reasons for this disparity remain unknown. 

Phosphorous limiting conditions in the oxic water column also prevailed in Lake Willersinnweiher 

(Table A 5). In the environment MPn is known to be produced in marine and limnic systems by archaea 

and bacteria (Ju et al., 2015; Metcalf et al., 2012; White and Metcalf, 2007). Therefore, CH4 formation 

via MPn might be an occurring pathway in the lake. However, due to the lack of knowledge about the 

microbial occurrences and natural abundance concentrations of MPn in the water column of Lake 

Willersinnweiher an evaluation of the importance of this CH4 formation pathways is not possible and 

demands more detailed investigations in the future studies. 

The second group of investigated precursor compounds were the methylamines MA and TMA. 

Methylamines are frequently abundant in aquatic systems (Cai et al., 2003; Gibb et al., 1999; 

Osadchyy et al., 2016; Sun et al., 2019) as they are formed during degradation of organic matter of 

inter alia algae and cyanobacteria, and concentrations of up to 180 mg l-1 were found in proximity to 

phytoplankton blooms (de Angelis and Lee, 1994; Herrmann and Jüttner, 1977; Osadchyy et al., 2016; 

Rolle et al., 1977). Traditionally, methylamines have been associated with CH4 production by anoxic 
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methanogenesis, e.g., in the lake sediments (Conrad, 2005). However, more recently they were also 

linked to OMP in the oxygenated water layers of different lakes (Bižić-Ionescu et al., 2018; Tang et 

al., 2016; Wang et al., 2021). According to Tang et al. (2016), non-methanogenic bacteria possess all 

genes necessary for the conversion of methylamines to CH4. In laboratory investigations at lake 

Stechlin CH4 production from TMA was detected in the scope of incubation experiments conducted 

with lake water enrichment cultures that were supplemented with the TMA (Bižić-Ionescu et al., 

2018). As no methanogens were found in their experiment, their results strongly indicated that the 

produced CH4 derived from the conversion of TMA via a non-archaeal pathway. Apart from TMA, 

incubation experiments conducted by Wang et al. (2021) found evidence for the microbiological 

conversion of MA to CH4. Similar to the isotope labelling experiment in this study (section 3.2.7), 

water samples from Yellowstone Lake were supplemented with 13C-labelled MA, which led to the 

formation of 13C-CH4. Furthermore, Wang et al. (2021) identified a proteome and gene involved in 

OMP via MA. Thus, the pathway of CH4 formation via methylamines presents another possibility of 

CH4 production in oxygenated waters, which could be potentially relevant and widespread across 

aquatic environments, especially in association with algal blooms. However, the occurrence of this 

pathway might also be dependent on the presence of the respective microbial communities, which 

might therefore be the reason for the observed CH4 formation via MA but not TMA within this study 

(Bižić-Ionescu et al., 2018; Wang et al., 2021). More detailed research concerning the microbial 

communities at Lake Willersinnweiher might therefore yield further insight into the importance of 

methylamines as potential precursor compounds at Lake Willersinnweiher. 

Another potential precursor compound of CH4 formation by eukaryotes and procaryotes is MET, 

which has been shown for plants, marine algae, fungi (Lenhart et al., 2012, 2015, 2016), and marine 

and limnic cyanobacteria (Klintzsch, 2021). Furthermore, supplementation of 13C-labelled MET to 

water samples of a tropical lake led to an increase in δ13C-CH4 values, thus implying the that the 

methyl group of MET was converted of CH4 in this lake (Morana et al., 2020). Methionine is an 

essential amino acid and therefore a ubiquitous compound in the environment and organisms. 

Additionally, MET is a precursor of several methylated sulphur compounds such as dimethyl 

sulphoxide (DMSO), dimethyl sulphide (DMS), methyl sulphoxide (MSO) and methanethiol in the 

marine environment, and to a lower extent also in freshwater systems (Damm et al., 2010; Gage et al., 

1997; Steinke et al., 2018; Summers et al., 1998).  

In recent studies, methylated nitrogen (methylamines) and sulphur (e.g., MET) compounds have been 

identified as potential precursor compounds of CH4 formation in bacteria, cyanobacteria, and algae 

(Bižić-Ionescu et al., 2018; Klintzsch, 2021; Lenhart et al., 2016; Wang et al., 2021). A possible 

mechanism of CH4 formation from methylamines and MET was described by Althoff et al. (2014) and 

Benzing et al. (2017). The authors detected CH4 formation from methyl ethers, sulphoxides and 

methylamines in chemical reactions catalysed by non-hem iron oxo (IV) species. Non-heme 
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iron oxo (IV) species are the catalytic centre of many enzymes, hence this pathway might exist 

similarly in living cells and thus possibly also occurs in non-archaeal bacteria or phytoplankton. 

Just recently, Ernst et al. (2022) proposed another reaction mechanism for CH4 formation that might 

occur across all living organisms. Methylated nitrogen und sulphur compounds react with ROS and 

free iron on a cellular level to form CH4. Moreover, when higher levels of oxidative stress were 

applied to the investigated organisms, higher CH4 formation rates were detected. Interestingly, 

elevated CH4 formation under increased oxidative stress (indicated by increased light intensities 

compared to the dark) was also shown for three marine algal species (Klintzsch et al., 2020) and 

during incubation experiments of lake water with supplemented MET (Morana et al., 2020). This 

indicates that the mechanism proposed by Ernst et al. (2022) might be involved in the CH4 production 

by aquatic organisms and likely, at least partially, controls CH4 formation, along with light intensity 

and other physiological and environmental factors.  

4.2.3 Groundwater 

Inflowing groundwater that was characterised by high CH4 concentrations (0.95 to 2.06 µmol l-1) and 

unusually and rarely observed positive δ13C-CH4 and δ2H-CH4 values (-36.8 ‰ and -4.01 ‰ and 

+83 ‰ to +185 ‰, respectively) constituted another potentially important contributor to CH4 

supersaturation in the water column of Lake Willersinnweiher (Schloemer et al., 2016). In previous 

studies groundwater inflow rates were found to range between 530 m3 d-1 and 970 m3 d-1 (Kluge et al., 

2007; Wollschläger et al., 2007). Kluge et al. (2007) reported that up to 60 % of groundwater 

infiltrates into the epilimnion of Lake Willersinnweiher, and, therefore, CH4-rich groundwater 

contributes both to the CH4 concentration in the epilimnion as well as the δ13C-CH4 and δ2H-CH4 

values observed in surface waters. Furthermore, beyond adding CH4 to the water column of Lake 

Willersinnweiher, inflowing groundwater was characterised by SO4
2- concentrations of around 

2.5 mmol l-1 (Figure 21A) and therefore provides SO4
2- for AOM in the sediment (Kleint et al., 2021). 

The origin of CH4 in the groundwater however is uncertain. For a detailed overview of potential 

pathways and accumulation of CH4 in groundwater flowing into Willersinnweiher please refer to the 

study by Kleint et al. (2021). Briefly, pathways contributing to the observed CH4 characteristics of 

inflowing groundwater include (1) diffusion from deeper aquifers, where CH4 likely originates from 

thermogenic origin or sediments containing lignite, (2) methanogenesis in the sediments of dead 

stream branches, (3) surface infiltration of CH4 rich water from an open nearby gravel pit and (4) 

anoxic methanogenesis in the littoral sediments of upstream lakes and subsequent infiltration into the 

aquifer via the porous sediment (Wollschläger et al., 2007). 

However, the positive δ13C-CH4 and δ2H-CH4 values of the inflowing groundwater suggested that 

intense AOM, e.g., via SO4
2-, NO3

-, Fe2+ or Mn2+ occurred, as no O2 was present in the groundwater 

(Kleint et al., 2021). Nevertheless, above-mentioned terminal electron acceptors show very low 
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concentrations with only small variations in the range of a few µmol l-1 in the inflowing groundwater, 

except for SO4
2- (Figure 21A). Hence, if the above-mentioned electron acceptors were present 

upstream of the inflowing groundwater at Lake Willersinnweiher, they could potentially have been 

consumed in the course of AOM leading to an extreme enrichment of 13C- and 2H in the remaining 

CH4 pool.  

Outflowing groundwater at GW East out showed strong variations of CH4 and SO4
2- concentrations 

compared to GW West out (Figure 5C). Interestingly, water sampled at GW East out was characterised 

by CH4 concentrations that were usually much higher (up to 30 times). Beyond that, more negative 

δ13C-CH4 and δ2H-CH4 values compared to the other outflowing groundwater well with isotopic 

signatures similar to sedimentary CH4 with average δ13C-CH4 values of -53.5 ‰ and δ2H-CH4 values 

of -233 ‰, prevailed. The reason for the disparity between the two outflowing groundwater wells is 

unclear. However, it seems likely that groundwater at GW East out is more influenced by infiltration 

of CH4 from the sediments, compared to GW West out, as due to the flow direction, groundwater 

passes only a small part of the lake before reaching GW West out, but passes all of Lake 

Willersinnweiher before reaching GW East out. Another possibility for the differences between both 

outflowing groundwater wells could constitute another groundwater source at the north-eastern basin. 

This which could influence the observed variabilities of CH4 and SO4
2- concentrations at GW East out 

and also affect the CH4 input in the north-eastern part of Lake Willersinnweiher. However, this 

question could not be investigated in the scope of this study. Thus, future investigations about the 

origin of groundwater and its complex interplay between sediment and water column chemistry as 

well as influence on the CH4 cycle are desirable.  

4.3 Seasonal and spatial supersaturation of methane in the epilimnion11 

In this chapter, the previously discussed CH4 sources and sinks at Lake Willersinnweiher are brought 

together in order to discuss the CH4 cycle at Lake Willersinnweiher as a whole. An overview of CH4 

fluxes obtained from Lake Willersinnweiher during the stratification (July 2020) and the mixing 

period (March 2021) are shown in Figure 27. In Lake Willersinnweiher surface CH4 concentrations 

ranged from 0.1 to 1.6 µmol l-1 during the stratification periods and 0.05 to 0.07 µmol l-1 during the 

mixing periods (Figure 13A). This showed an oversaturation of CH4 of up to ≈ 500 times compared to 

equilibrium with the atmosphere (0.003 µmol l-1; Wiesenburg and Guinasso, 1979) and revealed Lake 

Willersinnweiher as a constant source of CH4 to the atmosphere.  

As CH4 was constantly released from the water column into the atmosphere, there was a need for CH4 

inputs into the water column in order to sustain CH4 supersaturation or explain the increase of CH4 

concentrations during the stratification periods. Furthermore, MOx constituted another sink of CH4 in 

the water column that efficiently oxidized a major part of CH4 migrating upward from the anoxic 

 
11 Please note that parts of this section are taken from Einzmann et al. (2022). 
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hypolimnion. However, MOx was likely inhibited by fully oxygenated conditions and/or by influence 

of light and which therefore enabled accumulation of CH4 in the epilimnion (section 4.2.1 for a more 

detailed discussion about MOx; Murase and Sugimoto, 2005; Oswald et al., 2015; Rudd et al., 1976). 

 At Lake Willersinnweiher, several CH4 sources must be considered which might contribute to CH4 

supersaturation in the epilimnion including littoral transport, dissolution of gas bubbles from 

ebullition, groundwater, and internal OMP.  

Littoral input of CH4 can be an important process in small lakes with organic rich sediments. Methane 

from anoxic methanogenesis can be distributed in the whole epilimnion e.g., by wind activity or wave 

induced release from sediments, as fluxes from littoral sediments are not decoupled from surface water 

by stratification (Hofmann et al., 2010; Loken et al., 2019; Tang et al., 2014). The littoral areas at Lake 

Willersinnweiher most probably contributed to surface CH4 supersaturation by physical transport, as at 

the littoral site CH4 concentrations at the water surface were usually higher compared to the deeper 

sites during nearly all investigated months (Figure 16). Furthermore, dissolution of uprising gas 

bubbles into the water column might comprise another important source of CH4 contributing to the 

epilimnic CH4 concentrations, especially in littoral areas, where ebullition fluxes were usually higher 

compared to deeper sites (McGinnis et al., 2006). Please note, that within the scope of this study data 

about bubble size and velocity of the uprising bubbles could not be obtained and, therefore, only the 

impact of bubble dissolution was assumed to account for 10 % of ebullitive fluxes. Even though 

ebullition was found to show high spatial and temporal variations in previous studies (section 4.4 for a 

more detailed discussion about ebullition; e.g., West et al., 2016; Thottathil and Prairie, 2021), bubble 

dissolution might be an important CH4 source in the upper water column at Lake Willersinnweiher 

based on the observed CH4 flux rates via ebullition. Assuming the above-mentioned assumptions 

bubble dissolution fluxes were in the range of 0.01 to 0.88 mmol m-2 d-1 for littoral areas, implying the 

potential to significantly contribute to surface CH4 concentrations, especially during the stratification 

periods, where distinctively higher ebullition rates were observed compared to the mixing period 

(Figure 25).  

In the following the spatial distribution of CH4 in a depth of 1 m in Lake Willersinnweiher was 

analysed in several months during the stratification and the mixing period (Figure 15). Besides the 

differences in CH4 concentrations between the stationary littoral, slope and pelagic sites (Figure 16), 

analysing the spatial distribution of CH4 in the surface water of the whole lake has the potential to give 

further information about the transport of CH4 from the shallower to the deeper areas of the lake. 

Methane concentrations in the surface water of Lake Willersinnweiher showed large concentration 

differences between the south-western and north-eastern basin in most observed months (up to 

1 µmol l-1). At the south-western basin, CH4 concentrations were usually smaller compared to the 

north-eastern basin. In most months a relatively strong gradient in CH4 concentrations of the surface 

water from the south-western to the north-eastern basin was present, while in May and June 2021 

(Figure 15M, P) spatial CH4 differences seemed to origin rather from local CH4 sources. Surprisingly, 
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CH4 concentrations in the shallower areas of the lake and closer to the shore were not significantly 

higher compared to those in the pelagic areas of the lake. Thus, contradicting the results of the 

stationary sites, which clearly showed higher CH4 concentrations at the littoral site throughout the year 

(Figure 15 and Figure 16). However, in all analysed spatial distribution profiles of CH4 a tendency 

towards a few rather punctual spots characterised by enhanced CH4 concentrations in shallow the areas 

of the northern shore of the lake, as well as in the narrower elongated most north-eastern part of the 

lake were observed. Thus, suggesting that the input of CH4 from littoral areas of the lake are also 

subject to spatial and temporal variations. 

While spatial differences in the CH4 concentrations were lowest during the mixing period in March 

2021 (≈ 0.01 µmol l-1), highest spatial differences were detected in June 2021 where differences 

accounted for up to 1 µmol l-1. The exact reasons for these spatial disparities of CH4 concentrations are 

currently not clear, however the following hypotheses might play a role in this observation. 

The higher difference of surface CH4 concentrations during the stratification period compared to the 

mixing period in March 2021 were likely caused by higher activity of methanogenesis due to higher 

temperatures (Duc et al., 2010; Kelly and Chynoweth, 1981) and thereby higher CH4 fluxes from the 

littoral areas of the lake. Furthermore, higher dissolution rates of ebullitive CH4 during the 

stratification period compared to the mixing period could have contributed to higher spatial disparities 

of surface CH4.  Ebullition in particular, was found to strongly vary both temporally and spatially and 

might have therefore contributed to observed spatial differences in dissolved CH4. However, the 

epilimnion showed isotopic values enriched in 13C and 2H compared to the gas bubbles (ẟ13C-CH4 of 

-56 ‰ and ẟ2H-CH4 of -270 ‰ for lake surface water and ẟ13C-CH4 of -73 ± 1.0 ‰ and ẟ2H-CH4 of 

-318 ± 1 ‰ for ebullitive CH4). Therefore, ebullition was likely not the main source of surface water 

CH4 supersaturation in the pelagic area of the lake.  

Moreover, the wind speed and wind direction might play an important factor in the distribution of CH4 

at Lake Willersinnweiher. Higher wind speeds cause higher diffusion fluxes of CH4 from the water 

column to the atmosphere by generating turbulences in the surface water (Read et al., 2012). 

Therefore, higher diffusion fluxes led to lower CH4 concentrations in the surface water of the lake that 

were prone to higher wind speeds compared to areas that are more wind-protected. Beyond this, the 

direction of the wind might also alter surface CH4 concentrations solely by controlling the physical 

transport of water masses to certain areas of the lake (Murase et al., 2005; Peeters et al., 2019). 

Interestingly, wind directions at Lake Willersinnweiher originated usually from south or south-west 

(Figure 15), thus providing another potential reason for the observed enrichment in CH4 

concentrations in the north-eastern basin compared to the south-western basin. When the wind 

direction originated from the east and the north in June and July 2021, respectively, CH4 was more 

evenly distributed compared to the other months when the wind originated from south or south-west. 

Furthermore, the shape of the lake with its narrower north-eastern part might also be responsible for 

higher CH4 concentrations in this part due to restricted mixing with the rest of Lake Willersinnweihers 
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water body and characterised by a higher ratio of sediment area to water volume compared to the rest 

of the lake. In conclusion, littoral input of CH4 to the epilimnion at Lake Willersinnweiher was 

indicated by higher CH4 concentrations measured at the stationary littoral site compared to the pelagic 

site. Nevertheless, the exact reasons for the observed differences in the spatial CH4 distribution  are 

not clear as of yet. However, the spatial distribution of CH4 concentrations compiled in the surface 

water during several months implied that the predominant factor in the distribution of CH4 in the 

epilimnion might have been the wind direction and subsidiary factors comprised the distance to the 

shore and water depth. 

Another source of CH4 at Lake Willersinnweiher was inflowing groundwater with CH4 concentrations 

ranging between 0.95 to 2.06 µmol l-1. Moreover, inflowing groundwater was characterised by 

unusually and rarely observed positive δ13C-CH4 and δ2H-CH4 values (-36.8 and -4.01 ‰ and +83 to 

+185 ‰, respectively). Compared to previously discussed CH4 sources input of CH4 from 

groundwater was not subject to a strong seasonality and therefore constantly transported CH4 into the 

water column of Lake Willersinnweiher. In previous studies groundwater inflow rates at Lake 

Willersinnweiher were found to range between 530 to 970 m3 d-1 (Kluge et al., 2007; Wollschläger et 

al., 2007). Kluge et al. (2007) reported that up to 60 % of groundwater infiltrates into the epilimnion of 

Lake Willersinnweiher, and therefore CH4-rich groundwater contributes both to the CH4 concentration 

in the epilimnion and influenced the δ13C-CH4 and δ2H-CH4 values in the water column.  

Oxic methane production was another potential contributor to CH4 supersaturation in lakes that has 

more recently been the subject of thorough debate (section 4.2.2). At Lake Willersinnweiher, the 

occurrence of OMP has been indicated by concurrent CH4 and Chl-a concentration peaks in the upper 

metalimnion during most months of the stratified period. Thus, linking OMP with phytoplankton 

communities and/or primary production as also reported by numerous previous studies (e.g., Figure 

9A, B and Figure 11D;  Grossart et al., 2011; Bogard et al., 2014; Hartmann et al., 2020). 

Furthermore, phytoplankton species known to form blooms in oligotrophic lake Stechlin were all 

found to produce CH4 (Hartmann 2020) and combineed with the recent discovery of a universal CH4 

formation mechanism in all organisms by Ernst et al. (2022), this supports the notion that OMP is 

most probably a process ubiquitous among phytoplankton communities. Therefore, OMP might have 

also played an important role at Lake Willersinnweiher, as already suggested by Hartmann (2018). 

Moreover, applying a mass balance approach suggested the occurrence of OMP with rates of up to 

130 nmol l-1 d-1 during the beginning and the end of stratification period. Furthermore, stable isotope 

labelling experiments conducted in this study further demonstrated the occurrence of OMP at Lake 

Willersinnweiher. The potential precursor compounds MPn, MA, MET were identified to be 

converted into CH4, highlighting the potential for OMP in the water column of the lake. However, 

environmental factors influencing OMP are still widely unknown. Hence, OMP in lakes might feature 

strong temporal and spatial variations that demand further research, especially considering the linkage 

between OMP with phytoplankton and the occurrence seasonal algae blooms.  
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Figure 27. Methane cycle of Lake Willersinnweiher, showing fluxes of CH4 (where available) at the pelagic, 

slope and littoral sites as well as transport mechanisms (grey arrows) during (A) stratification period (July 2020) 

and (B) mixing period (March 2021; ebullition data is taken from November 2020). Data for OMP is taken from 

the stratification periods between August 2019 and October 2020. 
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4.4 Seasonal methane emissions and its isotopic composition12 

The known pathways of CH4 emissions by lakes include plant-mediated transport of CH4 from the 

sediment into atmosphere, diffusion from CH4 at the water-atmosphere boundary due to CH4 

oversaturation in the surface water and uprising gas bubbles released from the sediment (ebullition) 

(e.g., Bastviken et al., 2004). In the scope of this study, emissions of CH4 from plant-mediated 

transport were not obtained; however, their contribution to overall emissions is most likely of minor 

significance due to negligible plant coverage at Lake Willersinnweiher.  

Diffusion of CH4 at the water-atmosphere boundary is mostly dependent on CH4 oversaturation in the 

epilimnion and near surface turbulence due to wind stress (e.g., Jähne and Haußecker, 1998; Klaus and 

Vachon, 2020). Since CH4 was supersaturated throughout the whole year at Lake Willersinnweiher 

(section 4.3), CH4 was released into the atmosphere during the whole observation period from August 

2019 to September 2021. Diffusion rates ranged from 0.019 to 0.904 mmol m-2 d-1 at all three 

investigates sites (Figure 24), which is in good agreement with previously diffusion rates reported for 

lakes ranging from 0.002 to 2.7 mmol m-2 d-1 (Bastviken et al., 2008; Donis et al., 2017; Hartmann, 

2018; Hartmann et al., 2020; Roland et al., 2017).  

During most months, higher diffusive CH4 flux rates prevailed at the littoral site compared to the 

pelagic and slope sites (Figure 24). However, CH4 diffusion flux rates were very variable between the 

three observed sites, and no clear correlation between measured flux rates and either CH4 

concentration (R2 = 0.41) or wind-speed (R2 = 0.01) were detected (Figure 28). This implied that other 

factors were involved in driving diffusive CH4 emissions. One factor could be the variability of wind 

stress throughout the lake, e.g., by sheltering effects of trees or buildings (Markfort et al., 2010; Prairie 

and del Giorgio, 2013; Wang et al., 2021), which could reduce wind related surface turbulences and 

thus lead to smaller diffusive CH4 emissions. Another factor might constitute surface heat fluxes, as 

warming lakes decrease wind-driven turbulence, while cooling lakes increase turbulences due to 

convective movement of water masses, and thus influence diffusive CH4 emissions (Klaus and 

Vachon, 2020; MacIntyre et al., 2010).  

Methane concentrations in the water column and diffusive CH4 fluxes were further linked, as higher 

release rates of CH4 from water-atmosphere interface led to depleted CH4 concentrations in the surface 

waters, which in turn fuelled CH4 fluxes from the thermocline into the surface water layer (Kirillin et 

al., 2008, 2009). This process was also observed at Lake Willersinnweiher, where CH4 fluxes from the 

metalimnion to the epilimnion accounted for up to 20 µmol m-2 d-1 and increased with elevated 

diffusive fluxes towards the end of stratification period in autumn (Figure 14D).  Hereby, the CH4 pool 

in the epilimnion is supplemented with CH4 from the metalimnion, which was usually characterised by 

higher CH4 concentrations and higher δ13C-CH4 and δ2H-CH4 compared to the epilimnion. Thus, 

 
12 Please note that parts of this section are taken from Einzmann et al. (2022). 
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upward fluxes from metalimnic CH4 also contributed to CH4 enriched in 13C and 2H in the epilimnion 

of Lake Willersinnweiher. 

 

Figure 28. Relationship between diffusive CH4 fluxes at the water-air interface and (A) the surface water CH4 

concentrations and (B) the wind speed. Data for the wind speed was obtained from a nearby weather station. 

Stable carbon and hydrogen isotope values of CH4 emitted to the atmosphere via diffusion displayed a 

broad range between -36 ‰ to -59 ‰ and +1 ‰ to -310 ‰, respectively throughout the year. During 

the stratification period, δ13C-CH4 and δ2H-CH4 values were more negative ranging from -59 ± 1 ‰ to 

-51 ± 1 ‰ and -310 ± 8 ‰ to -195 ± 22 ‰, compared to the mixing period, where δ13C-CH4 and 

δ2H-CH4 values ranged between -42 ± 1 ‰ to -36 ± 8 ‰ and 1 ± 34 to +26 ‰, respectively (Table 4). 

These stable isotope values closely reflected the stable isotope composition of dissolved epilimnic 

CH4, which was also more enriched in both 13C and 2H during the mixing period compared to the 

stratification period. 

Besides diffusion, ebullition constituted an important pathway of CH4 release from Lake 

Willersinnweiher to the atmosphere. Ebullition is particularly prominent in the shallower littoral areas 

of aquatic systems, since uprising gas bubbles from the sediment are quickly transported to the 

atmosphere and circumvent CH4 oxidation in the water column (e.g., McGinnis et al., 2006). Spatial 

and temporal variations were found for ebullitive flux rates as well as the CH4 concentrations of the 

uprising gas bubbles and their isotopic CH4 composition at Lake Willersinnweiher. Ebullitive flux 

rates of CH4 were up to 70 times higher during the stratification period (up to 8.83 mmol m-2 d-1) 

compared to the mixing period (up to 0.13 mmol m-2 d-1) and consequently at the higher end of fluxes 

reported for lakes and wetlands in previous studies ranging from ≈ 1 to 12 mmol m-2 d-1 (Casper et al., 

2000, 2005; DelSontro et al., 2016; Jeffrey et al., 2019; Thottathil and Prairie, 2021; Wik et al., 2020). 

Higher ebullitive CH4 fluxes were observed at the littoral site compared to the pelagic and slope sites 

throughout the observation period from November 2020 to September 2021. Higher ebullition fluxes 

at littoral areas were likely caused by a lower distance to the atmosphere leading to less hydrostatic 
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pressure and less dissolution of gas bubbles in the water column. Moreover, higher microbial activity 

and methanogenesis in the sediment due to higher temperatures at the shallower littoral site compared 

to the deeper sites likely contributed to higher ebullition fluxes as suggested by e.g., Thottathil and 

Prairie (2021) and Aben et al. (2017).  

Apart from ebullitive flux rates, CH4 concentrations as well as δ13C-CH4 and δ2H-CH4 values released 

via ebullition also displayed temporal and spatial disparities at Lake Willersinnweiher. At the slope 

site, CH4 released via ebullition was characterised by higher concentrations and more negative 

δ13C-CH4 values (66.3 ± 1.2 % and -73.7 ± 1.0 ‰, respectively) when compared to the littoral site 

(62.1 ± 7.4 % and -50.0 ± 11.6 ‰, respectively) in November 2020. The CH4 concentrations within 

uprising gas bubbles and their isotopic composition were well within the range of previously reported 

values for lakes and wetlands ranging from 40 to 80 %, -78 to -51 ‰ and -376 to -220 ‰, respectively 

(Bouchard et al., 2015; Jeffrey et al., 2019; Martens et al., 1992; Thottathil and Prairie, 2021; Wik et 

al., 2020). The differences in observed CH4 concentrations and isotopic composition of uprising gas 

bubbles were most likely originating from CH4 formation taking place mainly via the 

hydrogenotrophic pathways at the slope and the acetoclastic pathways at littoral site (section 4.1.1). 

Similarly, Thottathil and Prairie (2021) attributed differences in δ13C-CH4 values of CH4 emitted via 

ebullition to a predominantly occurring type of methanogenesis in the sediment.  

In contrast to δ13C-CH4 values, δ2H-CH4 values of uprising gas bubbles did only show small 

differences between the two investigated sites. Differences between the δ2H-CH4 values of ebullitive 

CH4 were assigned to different water δ2H values (e.g., evaporation in shallow lakes), which is a source 

of H2 for methanogens (Waldron et al., 1998; Nakagawa et al., 2002; Sugimoto and Wada, 1995). As 

Lake Willersinnweiher is a distinctively deeper lake (average depth of 8 m), evaporation likely played 

only a minor role and therefore hardly affected δ2H-CH4 values. On the other hand, SO4
2--dependent 

AOM in the sediments of Lake Willersinnweiher might have played an important role in influencing 

the stable isotope values of CH4 released via ebullition. However, the influence of AOM on the stable 

isotope composition of gas bubbles is hard to estimate as AOM most probably took place 

heterogeneously throughout the sediment. In November, when there was likely less organic matter 

input than in September. This observation was also implied by lower ebullitive CH4 concentrations in 

November compared to September (Table 5). Pockets of CH4 within the sediment might have been 

subject to heterogeneously occurring AOM, which in turn could have contributed to the relatively high 

variability of measured ẟ13C-CH4 values. 

At Lake Willersinnweiher, estimated total CH4 daily flux rates by ebullition were found to be up to 

10 times higher compared to diffusive CH4 fluxes during stratification periods, while during mixing 

period diffusive fluxes were superior to ebullitive fluxes. Thus, the contribution of CH4 flux types 

from the water column to the atmosphere showed a strong seasonal variability as is shown in Figure 

29. Daily CH4 fluxes were therefore estimated to account for up to ≈ 700 mol d-1 during stratification 

period, compared to only about 70 mol d-1 during mixing period. Diffusive CH4 fluxes were the main 
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driver of total CH4 release from Lake Willersinnweiher during the mixing period and lower ebullitive 

flux rates compared to the stratification period were most likely caused by lower sediment 

temperatures in winter compared to summer, thus leading to lower methanogenic activity there (Duc et 

al., 2010; Kelly and Chynoweth, 1981).  

 

Figure 29. Calculated daily diffusive and ebullitive CH4 flux rates for Lake Willersinnweiher from August 2019 

to September 2020. Data for ebullition starts from November 2020. The asterisk (*) indicates that ebullitive CH4 

flux rates from September 2021 only show flux rates from the pelagic site. Grey background colours indicate the 

stratification period and white background colours represent the mixing period. 

4.5 Dual stable isotope characterisation of methane in Lake 

Willersinnweiher13 

In order to gain additional information about CH4 sources and sinks at Lake Willersinnweiher, 

δ13C-CH4 and δ2H-CH4 values were determined for the water column, groundwater and the sediment 

between May 2020 and September 2021. Stable carbon and hydrogen isotope values of CH4 in the 

water column and groundwater showed a good correlation (Figure 30A, R2 = 0.89) indicating 

occurring MOx, with associated enrichment in 13C-CH4 and 2H-CH4 in the water column as discussed 

in section 4.2.1. The correlation between δ13C-CH4 and δ2H-CH4 values further implies that stable 

carbon and hydrogen isotope fractionation factors remained similar throughout the sampling period 

(from May 2020 to September 2021). Moreover, they indicated that inflowing groundwater at GW 

West in and outflowing groundwater at GW West out were subject to intense oxidation based on its 

unusually positive stable isotope composition (section 4.2.3).  

 
13 Please note that parts of this section are taken from Einzmann et al. (2022). 
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In the water column the stable isotope composition of CH4 in the metalimnion stretched along the 

gradient typical for MOx, which is characterised by an enrichment in 13C-CH4 and 2H-CH4 (Figure 

30A). Epilimnic CH4 during the stratification period, however clustered in the lower part of Figure 

30A, thus indicating that δ13C-CH4 and δ2H-CH4 values were the result of a mixture of multiple CH4 

sources. During the mixing period, epilimnic CH4 plots in the middle part of the Figure 30A (orange 

dots in black circle), therefore implying that MOx played a greater role during this period and/or that 

other CH4 sources were larger contributors to epilimnic CH4 supersaturation compared to the 

stratification period. 

Methane in the hypolimnic water layer was characterised by the most negative δ13C-CH4 and δ2H-CH4 

values (Figure 30A). Interestingly, CH4 in the pore water of the sediment at the pelagic and slope sites 

showed similar δ13C-CH4 and δ2H-CH4 values compared to the hypolimnion (Figure 30B). However, 

the stable isotope composition of sedimentary CH4 also displayed a bigger range compared to 

hypolimnic CH4 with a shift towards less negative δ13C-CH4 and δ2H-CH4 values indicating the 

presence of AOM (as discussed in section 4.1.2; Figure 30B). At the littoral site, pore water CH4 was 

characterised by increasing δ13C-CH4 and δ2H-CH4 values compared to the other two sediment sites, 

which was most likely attributed to acetoclastic methanogenesis superordinating hydrogenotrophic 

methanogenesis at this site as discussed in section 4.1.1.  

 

 

Figure 30. (A) Relationship between δ13C-CH4 and δ2H-CH4 of dissolved CH4 in all samples from the water 

column (circles) and groundwater (squares) from May 2020 to September 2021. Epilimnic δ13C-CH4 and 

δ2H-CH4 values during the mixing period are indicated by a black circle. (B) Relationship between δ13C-CH4 and 

δ2H-CH4 values of dissolved CH4 in the pore water of the pelagic (red), slope (green) and littoral (grey) sediment 

from May 2020 to March 2021.  
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Measuring the stable isotope composition of CH4 is a useful tool to gain information about CH4 

sources and sinks in lakes, however processes such as CH4 oxidation led to an enrichment of 13C-CH4 

and 2H-CH4 in the CH4 pool. In order to overcome changes in the isotopic composition of CH4 due to 

CH4 oxidation, Tsunogai et al. (2020) introduced the novel isotope indicator Δ(2,13). The Δ(2,13) 

indicator was applied in this study to identify the original 13C- and 2H isotopic composition of CH4 in 

the water column, groundwater and sediment of Lake Willersinnweiher by correcting for isotope 

fractionation caused by CH4 oxidation. The correction of CH4 isotope values during CH4 oxidation 

was applied by calculating Λ (Eq. (7)), which is defined by dividing the isotope fractionation of 

hydrogen by the isotope fractionation of carbon. Thus, the obtained Λ value of 9.3 ± 0.3 (Figure 18B) 

showed that CH4 oxidation on average led to a 9-fold enrichment of 2H-CH4 compared to 13C-CH4. 

The determined Λ value was also in agreement with similar Λ values reported by 

Feisthauer et al, (2011) and Tsunogai et al. (2020), which were in the range of 12 ± 4.6 and 10.9 ± 0.2, 

respectively. 

At Lake Willersinnweiher Δ(2,13) values were determined three times during the stratification period 

(early stratification: May 2020, mid stratification: July 2020, and late stratification: October 2020) and 

once during the mixing period (March 2021) (Figure 23). In Figure 31 an overview of all investigated 

CH4 sources and emissions as well as their Δ(2,13), δ13C-CH4 and δ2H-CH4 values during the 

stratification (July 2020) and mixing period (March 2021) are illustrated.  

The pelagic and slope sites were characterised by similar Δ(2,13) values across the epilimnion, 

metalimnion and sediment throughout the whole observation period. At the pelagic site, Δ(2,13) 

values of the hypolimnion and sediment overlapped during the stratification period, implying that CH4 

in the hypolimnion of the lake originated mainly from release of CH4 from the sediment. During 

stratification period, the Δ(2,13) values of the epilimnion and metalimnion at the pelagic and slope 

sites showed distinctly lower values compared to hypolimnic and sedimentary values at these sites. 

Thus, vertical input of CH4 rich bottom waters most likely did not constitute an important contribution 

for CH4 supersaturation in the epilimnion and metalimnion. This is in good agreement with 

observations that a major proportion of CH4 from the hypolimnion was consumed at the oxycline due 

to MOx (section 4.2.1).  

However, during early stratification period Δ(2,13) values of the metalimnion at the pelagic and slope 

sites (342 ± 12 ‰ and 311 ± 47 ‰, respectively) were much higher than epilimnic values 

(203 ± 3 ‰). This might have been caused by unstable stratification conditions leading to the mixture 

of CH4 from different sources such as release from the sediment, lateral input from sedimentary CH4, 

groundwater input and/or CH4 production in the metalimnion. At the slope site, metalimnic Δ(2,13) 

values overlapped with the ones from the sediment and groundwater (293 ± 49 ‰ and 307 ± 5 ‰, 

respectively), thus indicating that CH4 mainly derived from one or both of these CH4 sources.  
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Contrastingly, during mid stratification period Δ(2,13) values in the epilimnion (266 ± 4 ‰) and the 

metalimnion (276 ± 25 ‰) were very similar implying that CH4 originated from the same source(s). 

At the littoral site Δ(2,13) values of the epilimnion and sediment were in the same range (183 ± 12 ‰ 

and 219 ± 38 ‰), indicating that CH4 at the littoral site predominantly originated from sedimentary 

release of CH4. 

Interestingly, Δ(2,13) values at the littoral site were up to 50 ‰ smaller compared to the ones of the 

pelagic and slope sites in all investigated months. Thus, supporting the notion that even though littoral 

input of CH4 most likely played an important role in sustaining the CH4 supersaturation in the 

epilimnion of the entire lake, other sources, such as groundwater input or OMP also contributed in 

order to explain these differences in Δ(2,13) values. In contrast to this observation at Lake 

Willersinnweiher Tsunogai et al. (2020) reported similar Δ(2,13) values for the epilimnion of the 

pelagic and littoral areas of lake Biwa and thus concluded that sedimentary CH4 input is responsible 

for a major part of CH4 in the pelagic areas. 

With progression of the stratification period an increase of epilimnic Δ(2,13) values at all three sites 

was observed, inferring that the contribution of different CH4 sources to CH4 in the surface water 

column changed with time. One reason for this observation might have been higher sedimentary CH4 

production and input from littoral sediments due to higher temperatures and microbial activity during 

the stratification period, as Δ(2,13) values of littoral sediments and subsequently the surface water at 

the littoral site also showed an increase from May to October 2020. However, the increase in epilimnic 

Δ(2,13) values was higher compared to the sediment, which implicated the need for (an) additional 

source(s).  

A potential source could constitute OMP, which has been shown to occur in the oxic water column of 

Lake Willersinnweiher based on a mass balance approach and stable isotope labelling experiments 

(section 4.2.2). In previous studies higher rates of OMP have been linked to higher primary 

production, as well as higher temperature and light conditions (Klintzsch et al., 2020; 

McLeod et al., 2021). However, at this point no data about δ13C-CH4, δ
2H-CH4 and Δ(2,13) values of 

CH4 produced via OMP are available, thus making clear evaluations about its importance to epilimnic 

CH4 supersaturation based on Δ(2,13) values difficult. However, evidence for the occurrence of OMP 

at Lake Willersinnweiher based on the mass balance approach, stable isotope labelling experiment and 

CH4 peaks in the upper metalimnion that coincided with peaks in Chl-a concentrations, implied that 

OMP might have played an important role during stratification period at Lake Willersinnweiher.  

Another potential source constituted input of CH4-rich groundwater (307 ± 5 to 325 ± 5 ‰ between 

May 2020 and March 2021). It was characterised by higher Δ(2,13) values than epilimnic CH4 

(251 ± 35 ‰), but smaller values compared to hypolimnic and sedimentary CH4 (427 ± 28 ‰ and 

385 ± 39 ‰). Mixing of lake water and groundwater might led to more positive isotope values in the 

lake water column; however, based on the Δ(2,13) values for inflowing groundwater CH4 and surface 



4 Discussion  91 

lake water, groundwater CH4 was most likely not a main contributor of CH4 in the epilimnion of Lake 

Willersinnweiher during the stratification period. 

 

Figure 31. Proposed CH4 cycling at Lake Willersinnweiher (A) during stratification period (July 2020) and (B) 

during mixing period (March 2021). Methane sources and sinks are illustrated with respective δ13C-CH4 and 

δ2H-CH4 values (where available). Transport mechanisms are indicated by grey arrows and Δ(2,13) values of 

different water layers by orange colour. Data for diffusive CH4 release at the water-air interface during 

stratification period refers to data from July 2021 and ebullition data is taken from September 2021. Ebullition 

data for the mixing period refers to data collected from November 2020, while Δ(2,13) values for inflowing 

groundwater are taken from October 2020 (modified after Einzmann et al., 2022). 
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In contrast to the stratification period, Δ(2,13) values inferred that during mixing period input of CH4 

from groundwater and the littoral areas were likely the main sources for sustaining CH4 

supersaturation in Lake Willersinnweiher (Figure 31B). This observation is based on epilimnic 

Δ(2,13) values overlapping with the ones of groundwater and the sediment at the pelagic site. 

Furthermore, at the littoral site very similar epilimnic and groundwater values prevailed, while 

sedimentary Δ(2,13) values were smaller than the epilimnic ones but characterised by a high SD 

(Figure 23A, C). The high SD of  sedimentary Δ(2,13) values (320 ± 76 ‰ for pelagic and 

232 ± 75 ‰ for littoral sediment) were a result of the high variability in ẟ13C-CH4 values during the 

mixing period, which implied a complex interplay between methanogenesis and oxidation and 

associated isotope fractionation. Due to complete mixing of the water column, the transport of littoral 

CH4 into the pelagic areas of the lake was likely. This was also expressed by similar and overlapping 

Δ(2,13) values of epilimnic CH4 between all three sites (381 ± 18 ‰ for pelagic, 359 ± 10 ‰ for slope 

and 335 ± 9 ‰ for littoral). Nevertheless, additional data for Δ(2,13) values during the mixing period 

is eligible in order to disentangle the CH4 cycle at Lake Willersinnweiher during this period. 
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5 Summary 

In this study, the complex CH4 cycle of a seasonally stratified freshwater lake was investigated during 

a period of two and a half years. Sources and sinks of CH4 were determined using conventional 

analytical methods but were additionally complemented by dual isotope analysis of CH4 and the 

application of the novel stable isotope indicator Δ(2,13). 

Methane production in the sediment and its release represented an important source of CH4 in the 

water column of Lake Willersinnweiher. The analysis of CH4 concentrations and its δ13C-CH4 and 

δ2H-CH4 values revealed that the sediment of all three investigated sites (pelagic, slope, littoral) 

contributed significantly to the CH4 cycle of Lake Willersinnweiher. Stable carbon and hydrogen 

isotope values of CH4 suggested that anaerobic methanogenesis occurred mainly via the 

hydrogenotrophic pathway at the pelagic and slope areas of the lake, while the acetoclastic pathway 

was dominant at the shallow littoral site. Due to the rather unique characteristic of high SO4
2- 

concentrations in the water column and sediment of Lake Willersinnweiher, methanogenesis was 

likely restricted to the lower part of the sediment, where SO4
2- concentrations were low and 

methanogenic archaea were not outcompeted for substrates by SRB. However, higher release rates of 

CH4 at the water-sediment interface were recorded with succession of the stratification period, thus 

showing a clear influence of increased temperatures on bioactivity and turnover of organic matter in 

the sediment. Therefore, in the future sedimentary CH4 might play an even more important role in the 

scope of climate change and coinciding temperature increases, which would lead to strong increases in 

methanogenesis and thus potentially whole lake CH4 emissions.  

However, high SO4
2- concentrations in the upper part of the sediment did not only inhibit 

methanogenesis but also led to the reduction of CH4 concentrations due to the occurrence of 

SO4
2--dependent AOM and SMTZs. Sulphate-methane transition zones are usually found in marine 

environments and have only rarely been described for freshwater systems. Zones in the sediment that 

were characterised by simultaneously decreasing CH4 and SO4
2- concentrations, while S2- and DIC 

concentrations increased, were observed all year round at all investigated sites and attributed to 

occurring SO4
2--dependent AOM and SMTZ. Furthermore, the analysis of δ13C-DIC, δ13C-CH4 and 

δ2H-CH4 values supported the occurrence of SO4
2--dependent AOM. This combined dataset of 

concentration measurements and stable isotope analysis provides compelling evidence that 

SO4
2--dependent AOM is a ubiquitous process in the upper sediment of Lake Willersinnweiher and 

thereby significantly reduces diffusive release of CH4 at the sediment-water interface. 

Methane that migrated upwards from the CH4-rich anoxic bottom water was efficiently consumed by 

MOx at the chemocline. A strong enrichment in 13C-CH4 and 2H-CH4 in the water column indicated 

occurring MOx. In the scope of this study the first MOx rates for Lake Willersinnweiher were 
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determined using stable isotope labelling incubation experiments. The determined rates revealed that 

MOx increased during stratification periods and thereby effectively compensated higher sedimentary 

flux rates of CH4 and furthermore prevented sedimentary CH4 of the deeper sites from reaching the 

epilimnion. Moreover, MOx rates examined during the mixing period illuminated that MOx was also 

present throughout winter and therefore contributed to increasing δ13C-CH4 and δ2H-CH4 values 

observed during that period. Therefore, MOx was found to reduce CH4 concentrations in the water 

column of Lake Willersinnweiher all year round, however further investigations are needed to better 

understand the occurrence and magnitude of MOx, seasonally as well as spatially. 

Even though AOM and MOx reduced a large part of CH4 fluxes in the sediment and water column, the 

epilimnion of Lake Willersinnweiher was still permanently supersaturated in CH4. However, during 

the stratification periods in summer, CH4 supersaturation was significantly higher compared to the 

mixing period during winter. Similarly, the investigation of the spatial distribution of CH4 revealed 

higher variations during the stratification period. This observation might on the one hand originate 

from higher CH4 production in the sediment due to higher temperatures and concomitant increase in 

microbial activity. On the other hand, the predominant wind direction from south-west to north-east 

might explain higher CH4 concentration in the surface water of the north-eastern basin of Lake 

Willersinnweiher. A combination of the two parameters might therefore be the reason why for only 

small or no correlations between CH4 concentrations and distance to shore as well as water depth was 

found. However, even though first transects of CH4 were measured in the scope of this study, future 

investigations should further address the magnitude of littoral input of CH4 as well as the importance 

of wind-induced transport. For this aim, modelling and a more detailed dataset concerning wind speed 

and wind direction are needed to better assess this issue, especially as changes in temperature and 

wind characteristics might highly influence future CH4 distribution in the epilimnion and more 

importantly the CH4 emissions to the atmosphere. 

Another contributor to CH4 supersaturation in the epilimnion of Lake Willersinnweiher was found in 

OMP. It was only in recent years that OMP via phytoplankton has been subject to intense debate and 

investigations but so far constitutes an underrepresented role in discussions about limnic CH4 cycles. 

Local CH4 peaks, enriched in 13C-CH4 and 2H-CH4 and coinciding with Chl-a peaks in the upper 

metalimnion indicated the presence of OMP associated with phytoplankton. Furthermore, a mass 

balance approach conducted in the scope of this study suggested that especially at the beginning and 

end of stratification period OMP occurred in Lake Willersinnweiher. Moreover, stable isotope 

labelling experiments revealed three potential precursor compounds (MPn, MA and MET) of OMP at 

Lake Willersinnweiher.  

Moreover, inflowing groundwater was found to be a contributor to CH4 supersaturation at Lake 

Willersinnweiher all year round, as it was characterised by high CH4 concentrations and a strong 

enrichment in 13C-CH4 and 2H-CH4.  
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The two main processes of CH4 emissions from Lake Willersinnweiher were diffusion at the water-

atmosphere interface and ebullition. Since the epilimnion was supersaturated throughout the year, 

Lake Willersinnweiher constantly emitted CH4 to the atmosphere. Diffusion rates of CH4 showed 

strong seasonal variations and were substantially higher during the stratification periods compared to 

the mixing periods. The main reason for this observation likely constituted the higher CH4 

concentrations in the epilimnion during stratification period. Using the Keeling plot method, the 

δ13C-CH4 and δ2H-CH4 values of diffusive CH4 were determined and characterised by strong seasonal 

variations. It was found that the stable isotope composition of diffusive CH4 emissions was 

substantially enriched in 13C-CH4 and 2H-CH4 during the mixing periods compared to the stratification 

periods. When estimated for the whole lake area, ebullitive CH4 flux rates were much higher than 

diffusive CH4 rates during stratification period and accounted for up to 90 % of total CH4 emissions 

from Lake Willersinnweiher. However, during the mixing period ebullition was responsible for only 

≈ 10 % of emissions and diffusion was the major pathways of CH4 emissions from Lake 

Willersinnweiher. Gas bubbles that were released from the sediment consisted mainly of CH4 (60 to 

80 %), and their δ13C-CH4 and δ2H-CH4 values closely reflected the isotopic signature of sedimentary 

CH4. In the scope of temperature increases due to climate change and expected eutrophication of 

aquatic environments, CH4 emissions are expected to increase even further. Especially ebullition 

which is fuelled by methanogenesis in the sediment and largely escapes CH4 oxidation processes in the 

water column due to rapid ascension through the water column might lead to larger CH4 emissions 

compared to today. Hence a thorough understanding of the parameters controlling CH4 emissions is 

crucial to estimate their impact in the future. Moreover, a comprehensive understanding of seasonal 

differences between δ13C-CH4 and δ2H-CH4 values is desirable as atmospheric δ13C-CH4 and δ2H-CH4 

values are a common tool to assign CH4 emission to their potential sources. 

Finally, the novel isotope indicator Δ(2,13), which corrects for stable isotope fractionation due to CH4 

oxidation, was applied. Hence, the application of Δ(2,13) values allowed for further interpretation of 

the contribution of different sources to CH4 supersaturation, beyond the use of CH4 flux 

measurements. Epilimnic Δ(2,13) values of the pelagic site indicated that during the stratification 

period neither input of CH4 from littoral sediments nor input of CH4 from groundwater, which was 

characterised by high CH4 concentrations as well as unusually positive δ13C-CH4 and δ2H-CH4 values, 

constituted the main CH4 source. Instead OMP, which was shown to occur at Lake Willersinnweiher 

through a combination of a mass balance approach and stable isotope labelling experiments and 

furthermore indicated by local CH4 peaks enriched in 13C-CH4 and 2H-CH4 in the upper metalimnion 

might have strongly contributed to CH4 supersaturation. However, further research about the stable 

isotope source signatures of OMP is needed in order to better resolve its role and impact in CH4 cycles 

of aquatic systems based on stable isotope and Δ(2,13) values. Contrary to the stratification period, 

Δ(2,13) values during the mixing period implied that CH4 supersaturation originated mainly from 

groundwater and littoral inputs of CH4. Groundwater as a major source of CH4 combined with MOx 
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detected during the mixing period might therefore be responsible for the more positive δ13C-CH4 and 

δ2H-CH4 values in the water column of Lake Willersinnweiher compared to the stratification period. 

Hence, the Δ(2,13) indicator delivered new insights into the sources contributing to CH4 

supersaturation at Lake Willersinnweiher and moreover highlights its potential to disentangle the 

complex interaction of these different sources. 

This study provides a comprehensive multi-year dataset of sources and sinks of CH4 combining 

concentrations as well as dual stable isotope analysis with the application of novel stable isotope 

techniques. Besides determining traditional sources and sinks of CH4, such as the release of 

anaerobically produced CH4 at the sediment-water interface and the MOx in the water column of Lake 

Willersinnweiher, a multi-isotope approach was used to identify the presence of SO4
2--dependent 

AOM and SMTZs in the sediment. Therefore, showing that a large part of produced CH4 was removed 

in the sediment before being released to the water column. Furthermore, this study demonstrated the 

occurrence of OMP in the oxygenated water column of Lake Willersinnweiher and identified three 

potential precursor compounds thus supporting this notion that OMP might be an inherent component 

of the CH4 cycle of aquatic systems. Finally, the application of the Δ(2,13) indicator highlighted that a 

multiparameter approach combining concentrations and isotope analysis as well as isotope techniques 

comprises a very promising approach for constraining the CH4 cycle of Lake Willersinnweiher, but 

also for other aquatic systems. 
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Conference proceedings 
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Schroll, M., Lenhart, K., Greiner, S., Keppler, F.: Making plant methane formation visible – insights 

from application of 13C-labelled dimethyl sulfoxide, orally presented at: Jahrestagung der 

Arbeitsgemeinschaft Stabile Isotope e.V. (ASI), online conference, 26 – 29 September 2021. 
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Sampling campaigns 

2019 to 2021  Lake Willersinnweiher, Ludwigshafen am Rhein, Germany 

19 sampling campaigns lasting between 2 to 4 days between May 2019 and 

September 2021. Measurement of CH4 concentration as well as δ13C-CH4 and 

δ2H-CH4 values and other parameters in the water column, sediment, 

groundwater, diffusion at the water-air interface and ebullition at Lake 

Willersinnweiher. A detailed of overview of the measured parameters at each 

sampling campaign is shown in Table A 1.  
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Table A 1. Overview of measured parameters and performed experiments in the water column, groundwater, and sediments. The abbreviations “pel”, “slo”, “lit” 

and “GW” stand for pelagic, slope, littoral, and groundwater, respectively. 

Field Water column and groundwater Sediment 
Spatial CH4 

distribution 
Diffusion Ebullition MOx Precursor 

campaigns Sites CH4 
δ13C-

CH4 

δ2H-

CH4 
Ions Sites CH4 

δ13C-

CH4 

δ2H-

CH4 
Ions in surface water rates rates rates incubations 

May 2019 pel, lit ✓ ✓ - ✓ pel, lit ✓ ✓ - ✓ - - - - - 

June 2019 pel, slo, lit ✓ ✓ - ✓ slo ✓ ✓ - ✓ - - - - - 

July 2019 pel, slo, lit ✓ ✓ - ✓ pel, slo ✓ ✓ - ✓ - - - - - 

August 2019 pel, slo, lit ✓ ✓ - ✓ slo, lit ✓ ✓ - ✓ - ✓ - - - 

September 2019 pel, slo, lit ✓ ✓ - ✓ pel ✓ ✓ - ✓ - ✓ - - - 

October 2019 pel ✓ ✓ - ✓ slo, lit ✓ ✓ ✓ ✓ - ✓ - - - 

January 2020 pel, lit ✓ ✓ - ✓ pel, lit ✓ ✓ ✓ ✓ - ✓ - - - 

May 2020 pel, slo, lit ✓ ✓ ✓ ✓ 
pel, slo, 

lit 
✓ ✓ ✓ ✓ - ✓ - - - 

June 2020 pel ✓ ✓ ✓ ✓ - - - - - - ✓ - - - 

July 2020 pel, slo, lit ✓ ✓ ✓ ✓ 
pel, slo, 

lit 
✓ ✓ ✓ ✓ ✓ ✓ - ✓ - 

September 2020 pel ✓ ✓ ✓ ✓ - - - - - ✓ ✓ - ✓ ✓ 

October 2020 pel, slo, lit ✓ ✓ ✓ ✓ 
pel, slo, 

lit 
✓ ✓ ✓ ✓ ✓ ✓ - ✓ - 

November 2020 - - - - - - - - - - - ✓ ✓ - - 

March 2021 pel, slo, lit ✓ ✓ ✓ ✓ 
pel, slo, 

lit 
✓ ✓ ✓ ✓ ✓ ✓ - ✓ - 

May 2021 pel, slo, lit ✓ ✓ ✓ ✓ - - - - - ✓ ✓ ✓ - - 

June 2021 pel, slo, lit ✓ ✓ ✓ ✓ - - - - - ✓ ✓ ✓ - - 

July 2021 pel, slo, lit ✓ ✓ ✓ ✓ - - - - - ✓ ✓ ✓ ✓ - 

August 2021 pel, slo, lit, no GW ✓ ✓ ✓ ✓ - - - - - - ✓ ✓ - - 

September 2021 pel, slo, lit ✓ ✓ ✓ ✓ - - - - - - ✓ - ✓ ✓ 
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Table A 2. Calibration data for the FaRAGE and CRDS conducted with water temperatures of 6 °C and 19 °C. 

Methane mixing ratios from the CRDS represent the difference between the measured CH4 mixing ratio using 

the FaRAGE unit and background air. Samples of the CH4 mixing ratios measured with the GC-FID were 

generated from water samples using the headspace technique in triplicate (section 2.2.3).  

6 °C 19°C 

CH4 CH4 CH4 CH4 

(CRDS) (GC-FID) (CRDS) (GC-FID) 

[ppmv]  [ppmv] ± SD [ppmv]  [ppmv] ± SD 

0.005 9.4 ± 0.7 0.006 11.1 ± 0.7 

0.254 48.3 ± 1.1 0.270 45.9 ± 0.2 

0.531 92.8 ± 2.9 1.492 232.4 ± 8.4 

0.803 143.8 ± 5.2 2.499 395.2 ± 9.1 

1.279 232.8 ± 7.5 3.622 571.3 ± 17.7 

 

Table A 3. Volume, sediment area, and planar area of Lake Willersinnweiher derived from the bathymetric map 

and subdivided into intervals of one meter. 

Lake Depth Volume Sediment Area Planar Area 

[m] [m³] [m²] [m²] 

0-1 163659 12845 12761 

1-2 149177 13814 13597 

2-3 136790 11416 11111 

3-4 126777 9457 9138 

4-5 118046 8791 8471 

5-6 109429 9249 8932 

6-7 99488 11687 11368 

7-8 88141 10381 10034 

8-9 79024 8996 8623 

9-10 70691 8612 8237 

10-11 62234 9347 8978 

11-12 53444 8488 8171 

12-13 46225 6585 6290 

13-14 39657 7693 7431 

14-15 29941 12832 12571 

15-16 17656 10878 10672 

16-17 7067 9447 9282 

17-18 1627 2663 2586 

18-19 300 479 461 

19-20 86 126 119 

20-21 3 26 26 

total 1399463 173813 168858 
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Tables A4 and A5 are accessible online from heiDATA, an institutional repository for data of Heidel-

berg University (https://doi.org/10.11588/data/MU3CON, Schroll, 2022) 

Table A 4. Dissolved CH4 concentrations, δ13C-CH4, δ2H-CH4 values and dissolved ions in the pore water 

of the sediment at the pelagic, slope and littoral sites of Lake Willersinnweiher for field campaigns 

between May 2019 and March 2021. 

Table A 5. In-situ parameters, CH4 concentrations, δ13C-CH4, δ2H-CH4 values and dissolved ions in the 

water column of the pelagic, slope and littoral sites at Lake Willersinnweiher for field campaigns between 

May 2019 and September 2021.  

Table A 6. Potential MOx rates at Lake Willersinnweiher for July, September, October 2020 and March, July 

and September 2021. Potential MOx rates are presented as the results of the linear regression analysis and its 

standard error. 

Month depth [m] MOx rate [nmol l
-1 

d
-1

] 

July 2020 8 49 ± 5 

September 2020 7 109 ± 7 

October 2020 7 251 ± 13 

March 2021 7 89 ± 13 

July 2021 

1 - 

5 150 ± 78 

6 258 ± 33 

9 609 ± 137 

September 2021 

1 43 ± 5 

6 174 ± 73 

7 950 ± 149 

8 133 ± 6 

 

https://doi.org/10.11588/data/MU3CON
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