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Abstract. Littoral sediments are important sources of methane (CH4) to lake water, but it remains unclear how strongly
sedimentary CH4 production controls sediment-water fluxes and dissolved CH4 concentrations across seasons and spatially
heterogeneous littoral zones. We measured sediment organic carbon, potential CH4 production, sediment-water CHy fluxes,
dissolved CH4 concentrations, and stable carbon isotopes of CH4 and CO; at seven littoral sites in Upper Lake Constance
(ULC) and Lower Lake Constance (LLC) over four seasons. Potential CH4 production, sediment-water CHy fluxes, and
dissolved CH4 concentrations were significantly related and showed similar temperature dependencies. Their apparent
activation energies ranged from 0.81 to 1.11 eV and did not differ significantly. These results are consistent with a process
chain from sedimentary production via sediment-water fluxes to dissolved CHa, although the shared temperature dependence
of the three variables means that their relationships do not, by themselves, demonstrate causal propagation along this chain.
Spatial patterns, however, became weaker along this process chain. Within ULC, differences in potential CH4 production were
reflected in sediment-water fluxes but were no longer significant in dissolved CH4 concentrations. Between the two lakes,
dissolved CH4 concentrations were significantly higher in LLC than in ULC, whereas potential CH4 production and sediment-
water CHy fluxes did not differ significantly. Potential CH4 production increased with sediment organic carbon, suggesting
that substrate availability may have contributed to spatial differences in CH4 production. Carbon isotope patterns were
consistent with a sedimentary, mainly acetoclastic CH4 source and indicated modification of part of the dissolved CH4 pool
after release from the sediment. However, oxidation alone could not explain the isotopic contrast between the lakes, suggesting
an additional influence of lateral mixing and hydrodynamic transport. Our results suggest that sedimentary CH4 production
contributes to controlling littoral CH4 supply, whereas oxidation and physical transport can weaken or redistribute this signal

in the water column.
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1 Introduction

Inland waters play an important role in the global carbon cycle and contribute substantially to greenhouse gas emissions
(Lauerwald et al., 2023). Although lakes cover only 2.2 % of the Earth’s land surface, they emit approximately 53 Tg CH4 yr
! (Saunois et al., 2025). Large lakes (> 100 km?) are an important but still understudied component of global CH, budgets
(Bastviken & Johnson, 2025; Peacock et al., 2023; Saunois et al., 2025).

CHy is primarily formed in anoxic sediments through methanogenesis and reaches the water column through diffusion,
ebullition, and plant-mediated transport (Bastviken, 2009; Bodmer et al., 2024). CHs4 can also be produced in oxygenated lake
water, although the importance and underlying mechanisms of this source vary among lakes (Hilt et al., 2022). In large lakes,
dissolved CH4 concentrations are typically much higher in the littoral than in the pelagic zone because littoral waters are
directly connected to CHs-producing sediments, whereas the pelagic surface waters lack a comparable local sediment source
(Khatun et al., 2024; Saunois et al., 2025). Within the littoral zone, however, CH4 concentrations can vary strongly over short
distances. This variability may reflect differences in sediment properties and sediment organic carbon (SOC) content, which
influence CH4 production, as well as differences in physical transport processes that transfer CH, from the sediment into the
water column and redistribute it towards offshore areas (DelSontro et al., 2018). In shallow littoral areas, surface waves can
further enhance CH,4 release by disturbing the sediment (Hofmann et al., 2010), whereas this process is largely absent in deeper
pelagic areas.

Temperature provides another important source of variability because sedimentary CH4 production increases strongly with
temperature (Schulz et al., 1997; Duc et al., 2010; Lavergne et al., 2021). Shallow littoral sediments experience comparatively
large seasonal changes in temperature, and warming may enhance their sedimentary CH4 production (Bastviken et al., 2008;
Sepulveda-Jauregui et al., 2018; Jansen et al., 2022). After entering the water column, part of the dissolved CHy is oxidised by
methanotrophs, while the remainder may accumulate, be emitted to the atmosphere, or be transported towards the pelagic zone.
Previous studies have shown that CH4 produced in the littoral can account for a large fraction of whole-lake CH4 emissions
(Encinas Fernandez et al., 2016; Peeters et al., 2019; Peeters & Hofmann, 2021), highlighting the importance of littoral
processes for the lake-wide CHy release. However, most studies have been based on one or a few sampling sites or short
sampling periods. This makes it difficult to separate seasonal variability from spatial differences and may bias estimates of the
littoral contribution to whole-lake CH4 emissions (Natchimuthu et al., 2016; Peacock et al., 2023). It also remains unclear
whether the temperature dependence of sedimentary CH4 production is reflected in sediment-water CHy4 fluxes and dissolved
CHy4 concentrations when spatial differences among littoral sites are considered.

In this study, we investigated littoral CH4 cycling in Upper and Lower Lake Constance (ULC and LLC, respectively). ULC is
one of the largest lakes in Central Europe, with a surface area of 472 km? and a maximum depth 0of 251 m. LLC lies downstream
of ULC and therefore experiences similar climatic conditions but differs strongly in size, morphology, water chemistry and
hydrodynamics. Previous research has shown pronounced spatial and seasonal variability in dissolved CH4 concentrations

across ULC and LLC (Hofmann, 2013; Encinas Fernandez et al., 2016). Several factors may contribute to this variability,
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including SOC content, temperature, hydrodynamic mixing, oxygen availability, and macrophyte coverage (Bertolet et al.,
2022; Bodmer et al., 2024; Kang et al., 2024). However, it remains unclear how spatial heterogeneity in sediment properties,
lake morphology, hydrodynamics, and CHs oxidation modify the relationships between sedimentary CHj4 production,
sediment-water CH4 fluxes, and dissolved CH4 concentrations.

Dissolved CH4 concentrations reflect the balance between CHy inputs from the sediments, oxidation, atmospheric emission,
and lateral transport. Here, we combined measurements of SOC content as an indicator of substrate availability, potential CH4
production rates as an indicator of microbial production capacity, sediment-water CH4 fluxes and dissolved CH4
concentrations. We additionally analysed the stable carbon isotopic composition of CHy (8'3C-CHa) and carbon dioxide (§'3C-
CO3) to infer dominant methanogenic pathways and assess the possible influence of CH4 oxidation in surface sediments and
the overlying water column. Measurements were conducted at seven littoral sites in ULC and LLC over different seasons and
temperatures. This dataset allowed us to investigate the relationships between potential CH4 production rates, sediment-water
CHj4 fluxes, and dissolved CH4 concentrations while accounting for temperature variability and spatial differences among sites.
Based on this data, we tested the following hypotheses: (i) littoral dissolved CH4 concentrations are primarily controlled by a
bottom-up process chain in which higher potential CH4 production rates result in larger sediment-water CH4 fluxes, which in
turn lead to higher dissolved CH4 concentrations; (ii) potential CH4 production rates increase with temperature, and this
temperature dependence is reflected in sediment-water CH4 fluxes and dissolved CHy4 concentrations; and (iii) spatial
differences in sediment-water CH4 fluxes and dissolved CHy4 concentrations reflect spatial differences in potential CHy
production rates, which are related to differences in SOC content. By combining sediment properties, potential CH4 production,
sediment-water CH4 fluxes, dissolved CH4 concentrations, and stable carbon isotopes, this study examines how CHs
production, transport, and oxidation jointly determine littoral CH4 dynamics in two connected lakes of contrasting size and

morphology.

2 Materials and Methods
2.1 Study Site and Sampling Strategy

Field sampling was carried out in 2024 in Upper and Lower Lake Constance (Fig. 1). ULC is a large, oligotrophic, monomictic
lake with a surface area of 472 km? and a maximum depth of 251 m located in Central Europe and bordered by Germany,
Switzerland, and Austria (IGKB, 2022). LLC is located downstream of ULC, has a surface area of 62 km? and a maximum
depth of 45 m. We selected seven littoral sampling sites, four in ULC and three in LLC (Fig. 1). All three sites in LLC are
located in Gnadensee (Fig. 1) which is the most enclosed sub-basin of LLC. Gnadensee is separated from the other basins of
LLC by a narrow and shallow sill (average water depth of about 2.5 m) and has a surface area of approximately 13 km? and a
maximum depth of 19 m (Wessels et al., 2015; IGKB, 2022). The main characteristics of each sampling site are listed in Table
S1.
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Figure 1: Map of Lake Constance with littoral sampling sites. Gold and blue circles indicate sampling sites in Lower Lake Constance
(LLC) and Upper Lake Constance (ULC), respectively. Lake depth is represented by blue shading, with lighter tones indicating shallower
areas and darker tones indicating deeper areas (maximum depth: 251 m).

Dissolved CH4 concentrations were measured during seasonal campaigns over one year to capture spatial and seasonal
variability among the study sites. During each campaign, we additionally collected (i) sediment samples for incubation
experiments to determine potential CH4 production, (ii) sediment cores to measure sediment-water CH4 fluxes, and (iii) water
and sediment samples for 5'3C-CH4 and 8'*C-CO; analysis. Spring sampling was conducted in April and May for isotopes (see
below) in ULC (mean water temperature + standard deviation, 12 &+ 3 °C) and in May in LLC (18 + 2 °C), followed by summer
sampling in July-August (24 + 1 °C), autumn sampling in October-November (13 £+ 1 °C), and winter sampling in December
(7 = 1 °C). Further details on sampling dates and water temperatures are provided in Table S1.

All sampling campaigns were conducted during dry and calm weather periods to minimise sediment disturbance and CH4
outgassing. Hourly wind-speed data from the DWD weather station in Constance, Germany indicated that wind speed at the

time of sampling was below 5 m s™! during all campaigns (Deutscher Wetterdienst, 2024).

2.2 Dissolved CH4 and Carbon Stable Isotopes '*C-CH4 and 8'*C-CO: in Water Samples

During each sampling campaign, water samples for dissolved CH4 and stable isotopes analyses (3'*C-CH4and 8'3C-CO») were
collected using a vertical Limno Sampler 2.0 L (Limnos, Poland). At each site, three replicate water samples were collected at
approximately mid-depth (0.5—1 m), where the total water-column depth was approximately 1-2 m. Additional water samples
for stable-isotope analyses were collected immediately above the sediment surface. Dissolved CHs in the water samples was
measured using the headspace method, as previously described by Casper et al. (2003). Briefly, replicate water samples were
taken from the sampler using 60 mL syringes and immediately injected into 120 mL serum bottles previously prepared with
an oversaturated solution of sodium chloride (45 mL), sealed with a butyl rubber stopper (WICOM GmbH, Germany) and
evacuated (- 0.9 = 0.1 bar). The headspace gas was analysed within 48 h after the sampling campaign. For this purpose, the

gas was injected into a custom-made discrete sample inlet port connected to the Ultra-Portable Greenhouse Gas Analyzer with

4
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1 Hz resolution (UGGA-30p, Los Gatos Research, USA). We used a continuous stream with a flow rate of 0.5 L min™! of ultra-
high purity nitrogen (N> UHP, 99.999 Vol. %, Sauerstoffwerk Friedrichshafen GmbH, Germany) for a zero CH4 baseline. The
measuring system was calibrated using standard gas mixtures of 10 ppm, 100 ppm, 1000 ppm, and 10 000 ppm CHj4 (Air
Liquide GmbH, Germany), with a nominal precision of ~ 2 ppb (1s) and a linear measurement range from 0.01 to 100 ppm for
CH4 (Los Gatos Research, 2015). For each injection, the CH4 peak area was determined using baseline-corrected trapezoidal
integration in Matlab Version R2022b (MathWorks Inc., USA).

For dissolved 3!*C-CHs4 and 8'*C-CO; in the water, we collected 30 — 40 mL of water using triplicate 60 mL syringes. Then,
we created a headspace with N> UHP in the remaining volume of the syringes. The syringes were then vigorously shaken for
a minute to reach the gas phase equilibrium. The gas sample from the headspace was then transferred into 12 mL pre-evacuated

(- 0.9 £ 0.1 bar) Exetainers (Labco, UK), slightly over pressurizing the gas in the vials for complete filling.

2.3 Sediment-Water CH4 Fluxes

Eight sediment cores were collected at each sampling site during each campaign using a gravity corer equipped with
polycarbonate liners of 5.9 cm internal diameter. The cores were retrieved with overlying water, sealed immediately after
collection, and transported to the shore for measurement. Sediment-water CH4 fluxes were measured using the non-invasive
gas-accumulation method described by Lessmann (2018). Briefly, the overlying water was carefully removed until a water
layer of approximately 1 cm remained above the undisturbed sediment surface. The liner was then sealed with a rubber stopper
and connected to an Ultra-Portable Greenhouse Gas Analyzer (UGGA-30p; Los Gatos Research, USA) in a closed-loop
configuration. The CH4 mixing ratio in the gas phase was recorded for 3 min at a frequency of 1 Hz. Each core was measured

in triplicate, and the mean of the three measurements was used as the flux estimate for that core.

dXcH4
at

The rate of change in the CH4 mixing ratio, (ppm s™"), was determined by linear regression. This rate was converted to

the rate of change in the amount of CH4 using the ideal gas law:

on PV a -
CH4 __ tot( XCH4 x 10 6) (])
at RT at

where P and T are the ambient pressure (Pa) and gas temperature (K) measured during each determination, Vi is the total gas
volume of the closed loop (m?), R is the ideal gas constant (8.314 J mol"' K*!). ¥, included the headspace above the overlying

water, the connecting tubing, and the internal volume of the gas analyser. Sediment-water CHs4 flux was then calculated as

1 0ncya

Fena = = 2

where 4 is the cross-sectional area of the sediment core (m?). Fluxes were converted from mol m? s™!' to mmol m2d-!. Across

all replicate core measurements, the mean coefficient of determination of the linear regressions was R*> 0.75.

2.4 Processing of Sediment Samples

Immediately after measuring the sediment-water CH,4 fluxes, from randomly five sediment cores per site the top section (0-5

cm) was sliced off. The sediment slices of each core liner at the top were pooled, providing for each site an average sample of

5
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sediment from 0-5 cm. Then, approximately 10 g of each pooled sediment sample were dried at 90 °C for 48 hours. After the
dry weight was measured, dried sediments were ground to fine powder and stored until further analysis of carbon content.
SOC content was measured using an Elemental Analyser coupled to a Solid Sample Combustion Unit (TOC-Shimadzu, SSM-
5000A, Shimadzu, Japan). The remaining sediment of each pooled sediment sample was stored at 3 °C in dark and used later
for incubation experiments (see below).

The remaining three sediment cores per site were used to determine dissolved pore-water 8'*C-CH, and §'*C-CO, from the
top 5 cm and the bottom layers (5-20 cm). For this, 5 mL of wet sediment were gently transferred with a cut-off syringe into
120 mL serum vials containing 5 mL of CH4- and CO,-free distilled water. The vials were sealed with aluminium crimp caps
(WICOM GmbH, Germany) and grey butyl rubber stoppers. Headspace equilibration was performed following the same
procedure used for the isotope measurements in the water samples described above, except that the vials were shaken for 1
minute to equilibrate CH4 and CO, with the headspace and the slurry. Subsequently, 15 mL of headspace from each sample
were transferred into 12 mL pre-evacuated Exetainers.

To determine the relationship between sediment dry mass and sediment volume, subsamples of a known volume of
homogenised sediment from each site were dried to constant weight at 90 °C and subsequently weighed. The resulting site-
specific dry-mass-to-sediment-volume ratio was used to convert potential CH4 production rates per sediment dry mass to rates

per sediment volume (see below).

2.4.1 Sediment Incubations

To estimate the potential CH4 production of each site, slurry incubation experiments were carried out using sediment samples
retrieved during spring. The upper 5 cm of the sediment were used for the incubations since previous measurements in littoral
sediments of Lake Constance showed maximum potential CH4 production rates at 2—5 cm sediment depth (Thebrath et al.,
1993). For each pooled sediment sample, we prepared one slurry containing sediment and sterile anoxic CHs-free distilled
water in a 1:1 v/v ratio. The slurry was divided into three subsamples providing triplicate incubation samples for each site. For
each of the triplicate incubation samples, 30 mL of the slurry was transferred into 50 mL crimp vials under constant flushing
with N, UHP. Flushing was maintained for five minutes until vials were sealed with butyl rubber stoppers and aluminium
crimp caps. Because our incubations were conducted under anoxic conditions, the measured rates represent the potential
methanogenic capacity of the surface sediment rather than in situ CH4 production.

All vials were pre-incubated for three days at 28 °C to ensure the onset of methanogenesis inside the vials. After pre-incubation,
all samples were flushed for five minutes with N, UHP. The vials were then kept at either 3 °C, 10 °C or 20 °C for 30 — 120 d
depending on CH4 accumulation over time. The incubation temperatures were chosen to cover much of the range of sediment
temperature during the sampling campaigns. The CH4 concentration in the headspace of each vial was determined every 2 — 3
days (samples at 20 °C), or 4 — 5 days (samples at 3 °C and 10 °C), by collecting 0.5 mL of the headspace in the vials and
measuring the CHy fraction in this gas using the UGGA 30p as described above. The total amount of CH4 was calculated as

the sum of the CHy in the headspace, obtained from the measured CH4 concentration in the gas phase and the volume of the

6
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headspace, plus the amount of dissolved CHj in the aqueous phase. The latter was calculated according to Henry’s law using
the temperature-dependent CHs-solubility parametrisation of Wiesenburg and Guinasso (1979) and the volume of the aqueous
phase. At the end of the incubations, the sediment in each vial was dried at 90 °C to constant weight to determine its dry mass.
Determining dry mass separately for each vial accounted for differences in slurry dilution among replicates. Potential CHy4
production was determined from the linear increase in total CHs over time (R? > 0.7, more than six measurements). Rates were
first normalized to the sediment dry mass in the respective vial and subsequently converted to rates per sediment volume using

the site-specific dry-mass-to-sediment-volume ratio described above.

2.5 Stable Isotopes 8'*C-CHy and 6'3C-CO: from Water and Sediment Measurements

We measured 3°C-CH4 and §'3C-CO; in samples retrieved from the water column and pore water from sediment samples
using an infrared Cavity Ring-Down Spectrometer (CRDS, Picarro G2201, Picarro Inc., USA) coupled with a Small Sample
Isotope Module (SSIM), with Vienna Pee Dee Belenmite-VDPB (precision + 0.55 %o 8'3C-VPDB for CH4 and CO>) as
reference. Briefly, from each sample collected in Exetainers as described above, 5 mL of gas sample were extracted and
injected into the SSIM system.

For the analysis of isotopic signatures of CHy, the results of isotopic measurements were sorted according to the range of CHy4
concentrations. High Range (HR) results were used when the CH4 concentration was between 25 and 1000 ppm according to
the findings of Brandily et al. (2021). High Precision (HP) results were used for methane concentrations below 25 ppm. §'3C-

CO; values were corrected and calibrated following an empirical approach (see Supplementary Information, Fig. S1).

2.6 Data Analysis

Statistical analyses were conducted to assess seasonal, spatial, and process-related variability in CHy4 cycling across sites and
lakes. Potential CH4 production, sediment-water CH4 fluxes, and dissolved CH4 concentrations were log-transformed prior to
further analysis. Replicate measurements were averaged to provide mean and standard error of the log-transformed properties
for each station at each sampling time. When displayed in bar plots, the properties were transformed back to allow depiction

in common units. All analyses were performed in MATLAB (version R2022b; MathWorks, Natick, MA, USA).

2.6.1. Descriptive Comparisons of Seasonal and Temperature Effects

The averaged log-transformed dissolved CH4 concentrations and sediment-water CHy fluxes from the different stations were
compared across seasons using Welch’s one-way ANOVA allowing for unequal variances among seasons. When a significant
overall seasonal effect was detected, pairwise Welch’s t-tests with Holm correction for multiple comparisons were used as
post-hoc tests to identify differences between seasons. Analyses were conducted separately for different levels of aggregation,

i.e. considering all stations combined, distinguishing between the two lakes, and for each of the individual stations.

7
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Temperature dependence of potential CH4 production (Pcrs) was analysed using an Arrhenius equation assuming that the

activation energy (Ea) for CHy4 production is independent of site:

_&.(1_ 1 )
Perasi(T) = Pepasi(Trer) - € o \T" Tref 3)

where Pcps,si(T) is the potential CHy4 production at site si and temperature 7, Pcpy,si( Trep) is the potential CH4 production at the
reference temperature T,.r (20 °C), E, is the activation energy, and ks the Boltzmann constant (kz = 8.62 - 10 ¢V K'!"). Note
that we allow a different Pcpy,5i(Trey) for each site. The coefficients of the Arrhenius relationship were obtained by multiple

linear regression of the log-transformed Arrhenius equation using the model:

4 1 1
log(Peya(T)) = Z (Ssi-ag) — B+ (T -7 p ) 4)

where log(Pcu4(T)) represents a vector of all measurements of Pcpy i, €ach Sy is a vector for the respective station si containing

1 for all measurements from this station and zero for all others, and <% -

7 ) is a vector of the temperature-dependence term
ref

in the Arrhenius equation based on all measurements of 7 corresponding to the measurements of potential CH4 production.
Treating all S; and the temperature term as predictor variables and log(Pcr4(T)) as response variable, multiple linear regression
can be used to estimate intercepts o and the common slope f. The parameter ay; corresponds to log(Pchy,s(20 °C)) and f-=
E./ky. The multiple linear regression approach (Eq. (4)) is analogous to a linear model with a categorical variable representing
sampling site but has the advantage that the fitted values of & and their standard errors can be directly interpreted as the values
and standard errors of Pcus at 20 °C at the different sites si.

Based on the results obtained from Eq. (4), we predicted values of log(Pcr4) for the temperatures and the sites at which the
sediment-water CHs fluxes were measured, because incubation temperatures did not exactly match in situ sediment
temperatures.

The same Arrhenius framework as in Eq. (4) was applied to sediment-water CHs fluxes and dissolved CH4 concentrations,
using sediment temperature and water temperature, respectively. In all cases, the models were fitted with site-specific intercepts
and a common slope Eu/ky describing the temperature dependence.

To test whether temperature sensitivities differed among potential CH4 production, sediment-water CHy4 flux, and dissolved
CH4 concentrations, we fitted a combined linear model of the form log(Y) ~ Process x (1/T) + Process * Site. Here, Y
represents the measured response variable and Process is a categorical variable with three levels: potential CH4 production,
sediment-water CH,4 fluxes, or dissolved CHy. Site accounted for site-specific differences within each process. The Process x
(1/T) interaction tested whether the Arrhenius slopes differed among processes. Three pairwise comparisons were performed
(potential CH4 production vs. sediment-water CHy flux, potential CH4 production vs. dissolved CHs, and sediment-water CHy

flux vs. dissolved CHy), and the resulting p-values were adjusted for multiple comparisons using the Holm correction.
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2.6.2 Cross-process Relationships

To test whether sediment-water CHy fluxes are linked to potential CH4 production rates and dissolved CH4 to sediment-water
CH,4 fluxes, we applied a linear regression approach on log-transformed variables. Specifically, we analysed relationships
between (i) log-transformed sediment-water CH4 fluxes and potential CH4 production predicted at corresponding sediment
temperatures and converted from dry-weight-based to volumetric units, as described above, and (ii) log-transformed dissolved
CH4 and sediment-water CHs fluxes. Because all properties had substantial uncertainty, we utilised weighted Deming
regression considering independent errors of the respective properties along x- and y-axes for each observation. Model
performance was evaluated using an F-test derived from an R?-type metric (extending the R? g approach by Bossé et al., 2023).
Parameter uncertainty was estimated using a leave-one-out jackknife procedure. Standard errors, 95% confidence intervals,

and p values for testing whether the slope differed from zero or one were derived from the jackknife estimates.

2.6.3 Spatial Differences of Process Rates and Dissolved CH4

Spatial differences of potential CH4 production rates, sediment-water CH4 fluxes, and dissolved CH4 concentrations were
evaluated at reference temperature 20 °C. Log-transformed values of potential CH4 production rates, sediment-water CHy4
fluxes, and dissolved CH4 at 20 °C were obtained from the Arrhenius framework (Eq. (4)) and correspond to the site-specific
intercepts ay fitted to the respective property. Pairwise differences among sites were assessed by testing linear contrasts
between these fitted site-specific values. Standard errors of contrasts were calculated from the full covariance matrix of the
fitted regression coefficients, thereby accounting for covariance among parameter estimates. For each response variable
separately, the p-values of the 21 pairwise site comparisons were adjusted using the Holm correction.

We tested whether potential CH4 production, sediment-water CHy fluxes, and dissolved CH4 concentrations differed between
ULC and LLC using separate random-effects models based on the site-specific estimates at 20 °C obtained from the
corresponding Arrhenius models. For each property, the standard error of the difference between basin averages was estimated
by combining the covariance matrix of the site-specific estimates from the Arrhenius model with the variability among sites
estimated using restricted maximum likelihood. The significance of the difference between basin averages was evaluated using
a two-sided t-test.

To explore potential drivers of spatial variability in potential CH4 production rates, we related potential CH4 production rates
at 20 °C to sediment organic carbon (SOC). SOC values were log-transformed and averaged at the site level. The relationship
between log (SOC) and log (CH4 production rates) at 20 °C was evaluated using weighted Deming regression, accounting for

uncertainty in both variables.

2.6.4 Stable Isotope Data Analysis

Spatial and seasonal variability in the §'*C-CH, was assessed after excluding spring because sampling in ULC and LLC

occurred at different times and temperatures. Water-column and sediment samples were analysed separately to distinguish
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between sedimentary source signatures and potential modification during transport through the water column. For water-
column isotope samples, replicate measurements were first averaged within each sampling position. Because isotope values
from mid-depth and immediately above the sediment were similar, values from the two positions were subsequently averaged
within each site and season. The resulting site-level means were used as independent observations in all water-column isotope
analyses. Site and seasonal effects in the water column were therefore evaluated using an additive linear model of the form
313C-CHy4 ~ Site + Season. A Site x Season interaction was not included because only one independent water-column value
was available for each site and season. Pairwise differences among sites and seasons were assessed using Tukey—Kramer post
hoc comparisons.

Sediment analyses were restricted to the surface layer (0—5 cm), which is most directly connected to CHy transport across the
sediment-water interface. The three independently collected sediment cores at each site and season were retained as biological
replicates. Site-specific variability in surface-sediment §'3C-CH, was evaluated using a linear model of the form §'*C-CH4 ~
Site x Season. The significance of main effects and the interaction was evaluated by analysis of variance (ANOVA). Because
the Site X Season interaction was significant, differences among sites within individual seasons were assessed using separate
one-way ANOVAs followed by Tukey—Kramer post hoc comparisons.

Lake-scale differences were assessed separately within summer, autumn, and winter. For water-column isotope samples, the
site-level means described above were used as independent observations. For surface sediments, the three independent cores
were first averaged within each site and season so that sites, rather than individual cores, represented the independent replicates
for each lake. Differences between ULC and LLC were evaluated using one-way ANOV A within each season, and the resulting
three p-values were adjusted using the Holm procedure. Model assumptions were assessed by visual inspection of residual
probability plots and plots of residuals against fitted values, which indicated no major deviations from normality or

homoscedasticity.

3 Results
3.1 Seasonal and Spatial Variability in Littoral CH4 Cycling

Spring measurements were excluded from the statistical comparison among seasons because sampling was conducted at
different times and temperatures in ULC and LLC. Across summer, autumn, and winter, dissolved CH4 concentrations differed
significantly among seasons across all sites (Welch’s ANOVA, p <0.001) and when ULC and LLC were analysed separately
(ULC: p<0.001; LLC: p =0.002). Holm-adjusted pairwise Welch’s t-tests showed that dissolved CH4 concentrations in ULC
decreased significantly from summer to autumn and from autumn to winter. In LLC, concentrations were significantly higher
in summer than in winter, whereas summer and autumn and autumn and winter did not differ significantly (Tables S6a — S6b).
Sediment-water CH4 fluxes also differed significantly among summer, autumn, and winter across all sites (Welch’s ANOVA,

p <0.001) and within both ULC and LLC (both p < 0.001). In both lakes, fluxes were significantly higher in summer than in
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autumn and winter, whereas autumn and winter did not differ significantly (Holm-adjusted post hoc tests, p > 0.05) (Tables
S6a — S6b). This pattern was observed across all sites and when ULC and LLC were analysed separately.

Although spring was excluded from these statistical comparisons, spring dissolved CH4 concentrations in ULC were broadly
similar to those measured in autumn, consistent with the similar temperatures during the two campaigns (8—15 °C in spring
and 12—-13 °C in autumn). In LLC, spring concentrations were generally higher than in autumn but lower than in summer,
corresponding to intermediate water temperatures in spring (16—19 °C), compared with autumn (14—15 °C) and summer (24—
26 °C). This pattern suggests that the contrasting spring concentrations in ULC and LLC were related to differences in sampling

temperature rather than to season alone (Table S1).
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Figure 2: Seasonal dynamics of dissolved CH4 and sediment-water CH4 fluxes, the temperature dependence of potential CH4
production and their spatial variability. Bar graphs of dissolved CH4 (a-d) and sediment-water CHa fluxes (e-h) show geometric means
of dissolved CH4 replicates (3 per site) and of sediment-water CH4 fluxes (8 per site), respectively. Error bars indicate variability of the log-
transformed data (+ SE) and are therefore asymmetric on the linear scale. Bar graphs of potential CH4 production (i-k) show the results from
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the incubation experiments. ULC sites are depicted in blue, LLC sites in yellow. Sampling dates and the corresponding water and sediment
temperatures at each site are provided in Table S1.

The temperature dependence of potential CH4 production was well described by the Arrhenius model (Eq. 4), which explained
93% of the variance in log-transformed production rates (R? = 0.93, p < 0.001; Fig. S2). The model yielded an activation
energy of £,=0.81 eV (SE=0.10 eV, 95% CI: 0.56-1.03 eV; Fig. S3). Application of the same Arrhenius modelling approach
to sediment-water CHy fluxes and dissolved CH4 concentrations explained 53% and 80% of the variance, respectively (R? =
0.53 and 0.80, respectively; both p < 0.001; Fig. S2). The corresponding activation energies were £, = 0.94 eV for sediment-
water CHy fluxes (SE =0.11 eV, 95% CI: 0.73—1.16 ¢V) and £, = 1.11 eV for dissolved CH4 concentrations (SE = 0.07 eV,
95% CI: 0.97-1.25 eV, Fig. S3; Table S4).

Pairwise comparisons of Arrhenius relationships across processes showed no significant differences between potential CHy
production, sediment-water CHy fluxes, and dissolved CH4 concentrations when accounting for site-specific differences

(Holm-adjusted p > 0.103) (Tables S4a — S4b).

3.2 Links Among CHa4 Cycling Processes

The hypothesised links between sedimentary methanogenesis, sediment-water CHy4 fluxes, and dissolved CHy in littoral water

were evaluated using weighted Deming regressions (Fig. 3).
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Figure 3: Linkage between potential CH4 production, sediment-water CH4 fluxes and dissolved CH4. Weighted Deming regression
accounting for uncertainties in both variables was applied to (a) log(sediment-water CHs fluxes) vs. log(potential CHs production) and (b)
log(dissolved CHa) vs. log(sediment-water CH4 fluxes). Potential CHa production was predicted at in situ sediment temperatures using the
Arrhenius model (Eq. (4)). Points represent site-specific means, with error bars indicating standard errors of log-transformed values. The red
line indicates the best-fit regression, and the dotted line represents a slope of 1.
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Log-transformed sediment-water CHs fluxes increased significantly with log-transformed potential CH4 production rates
(slope =1.14, p <0.001), and the slope was not significantly different from 1 (p = 0.455). Likewise, log-transformed dissolved
CHy increased significantly with log-transformed sediment-water CHy fluxes (slope = 1.04; p = 0.021), and the slope did not
differ significantly from 1 (p = 0.933; Table S5).

Together, these relationships are consistent with the hypothesised process chain linking potential CH4 production rates in the

sediment, sediment-water CH4 fluxes and dissolved CH4 accumulation in the littoral water.

3.3 Spatial Differences Along the CHa Process Chain

The Arrhenius model (Eq. (4)) applied to potential CH4 production rates, sediment-water CHy fluxes, and dissolved CHy
concentrations provided not only E, but also coefficients ¢, which represent the log-transformed values of potential CHy
production rates, sediment-water CH4 fluxes, and dissolved CH4 concentrations for each site at the reference temperature of
20 °C (Fig. 4).

In ULC, spatial differences among sites at the common reference temperature became less pronounced along the pathway from
potential CHy production rates and sediment-water CHy4 fluxes to dissolved CH4 (Fig. 4 b-d). Specifically, log-transformed
potential CH4 production rates were significantly higher at SIP and MUN than at OBG and LBM (adjusted p < 0.002). Log-
transformed sediment-water CH4 fluxes showed the same spatial pattern, with significantly higher fluxes at SIP and MUN than
at OBG and LBM (adjusted p < 0.001). By contrast, differences in log-transformed dissolved CH4 concentrations among ULC
sites were less pronounced and not significant (adjusted p > 0.932).

In contrast to ULC, log-transformed potential CH4 production rates, sediment-water CH4 fluxes, and dissolved CH4
concentrations did not differ significantly among G1, G2, and G3 in LLC (adjusted p > 0.744), indicating relatively
homogeneous conditions within this lake (Table S9a).

At 20 °C, model-estimated dissolved CH4 concentrations were significantly higher in LLC than in ULC (p = 0.004; Fig. 4d),
whereas potential CH4 production rates (p = 0.515; Fig. 4b) and sediment-water CH4 fluxes (p = 0.139; Fig. 4c) did not differ
significantly between lakes (Table SOb).
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Figure 4: Spatial differences in sediment organic carbon (SOC) and CHj4 cycling variables across littoral sites. Panel (a) shows site-

specific SOC values, whereas panels (b—d) show predicted values at the reference temperature of 20 °C for (b) potential CHs production, (c)

sediment-water CH4 fluxes, and (d) dissolved CH4 concentrations. Predicted values and associated uncertainties were derived from the site-

specific intercept coefficients (asi) of the Arrhenius-type multiple linear regression model (Eq. (4)). Sites from ULC are shown in blue and

sites from LLC in yellow.

Weighted Deming regression yielded a positive relationship between log-transformed SOC and potential CH4 production at

20 °C, although the estimated slope was not significantly different from zero (slope = 1.19, p = 0.118; Fig. 5 and Table S5).

Thus, sites with higher SOC tended to have higher potential CH4 production, but the statistical evidence for this relationship

was inconclusive.
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Figure 5: Linkage between potential CHa4 production and sediment organic carbon. Weighted Deming regression accounting for
uncertainties in both variables was applied to log (CH4 production) vs. log (SOC). Points represent site-specific means, with error bars
indicating standard errors of log-transformed values. The red line indicates the best-fit regression, and the dotted line represents a slope of

1.
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3.4 Stable Carbon Isotopes *C-CHs and 3'*C-CO: from Water and Sediment

The relationship between §'3C-CH4 and §'*C-CO; in water-column and sediment samples is shown in Fig. 6. Water-column
3!3C-CH4 ranged from -58.70 %o to -28.35 %o, whereas sediment §'3C-CH,4 ranged from -65.05 %o to -42.70 %o (Fig. 6a, b).
Thus, some water-column samples were more enriched in '3C than the sediment samples, consistent with isotopic fractionation
associated with CH4 oxidation. The apparent fractionation factor (@,pp), derived from 313C-CO; and §'*C-CH4 ranged from
1.025 —1.085 in water-column samples and from 1.034 —1.075 in sediment samples. However, @,p, did not differ significantly

between paired water-column and sediment samples (paired t-test, p = 0.136) (Tables S2, S3, and S7).

T
X Spring
O Summer
O Autumn
A Winter

-50 . . L L | . . . . .
-100 -90 -80 -70 -60 -50 -40 -30 -20 -100 -90 -80 -70 -60 -50 -40 -30 -20
513C-CH ,(%o)

Figure 6: Stable carbon isotope composition and apparent fractionation. Measured stable carbon isotopic signatures of (a) water and
(b) sediment samples. Sites from ULC are indicated in blue, sites from LLC are indicated in yellow. Grey isolines show the values of different
aapp. Seasons are indicated with symbols (see legend). The hulls illustrate the observed §'3C-CH4 and §'*C-CO: fractionation pathways of
CHa4 processes according to Whiticar (1999).

Despite the substantial overlap of the sample distributions in isotope fractionation space, 8'3C-CHy varied significantly among
sites and seasons in both sediments and the water column. In the water column, significant overall effects of site (p = 0.028)
and season (p = 0.004) were detected, although none of the individual pairwise site comparisons were significant after Tukey—
Kramer correction. In surface sediments (0 — 5 cm), '*C-CH4 showed a significant site x season interaction (p < 0.001),
indicating that spatial differences varied among seasons. At the lake scale, sedimentary 3'3C-CH, did not differ significantly
between ULC and LLC within any individual season (p > 0.231; Table S8d). In contrast, water-column &'*C-CH4 was
consistently more depleted in ULC than in LLC, with significant differences in summer, autumn, and winter (adjusted p =
0.031, 0.046, and 0.046, respectively) (Tables S7a — S&8d).

Site-specific differences in sedimentary 3'*C-CH4 showed distinct and season-dependent spatial patterns. In summer, OBG
was significantly more depleted than all other sites. In autumn, differences were generally weak, with a significant contrast
detected only between SIP and G1. In winter, LBM was significantly more enriched than OBG, SIP, MUN, and all three LLC

sites, while SIP was more depleted than several other sites. In contrast, sites within LLC (G1, G2, and G3) showed largely
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similar isotopic signatures, with no significant differences among them in any season. Thus, site-specific variability was mainly
associated with changing spatial patterns within ULC, whereas LLC remained comparatively homogeneous. Overall, water-
column 8'3C-CHy4 was consistently more depleted in ULC than in LLC, whereas sedimentary 8'3C-CH, did not differ

significantly between the two lakes.

4 Discussion

Our measurements revealed strong but distinct temperature and spatial patterns along the littoral CH4 process chain. Potential
CHj production, sediment-water CH,4 fluxes, and dissolved CH4 concentrations all increased with temperature, whereas their
site-level spatial patterns became less pronounced from sedimentary production and fluxes to dissolved CH4. When the
sampled sites were grouped by lake, only dissolved CH4 concentrations differed significantly between ULC and LLC. In the
following sections, we discuss the isotopic evidence for CHy4 production and transformation, the links among sedimentary CH4
production, sediment-water fluxes, and dissolved CH4 concentrations, and the processes that may explain their temperature

dependence and spatial variation.

4.1 Isotopic Composition and Pathways of CH4 Production and Transformation

The observed CH4 isotopic signatures in the littoral zones of ULC and LLC were consistent with previously reported
fractionation patterns for acetoclastic methanogenesis (Whiticar et al., 1986; Conrad, 2005; Londry et al., 2008). Acetate has
also been identified as the dominant methanogenic substrate in both littoral (Thebrath et al., 1993) and profundal sediments of
Lake Constance (Schulz et al., 1997). The overlap between sediment and water-column §'3C-CHy values was consistent with
a sedimentary origin of dissolved CHs. The comparatively enriched §'*C-CH, values in some water-column samples also
suggested that CH4 oxidation affected part of the dissolved CH4 pool, with the clearest signal occurring during winter in both
lakes.

Surface-sediment §'*C-CH4 did not differ consistently between ULC and LLC, whereas water-column CH, was generally more
depleted in '3C in ULC than in LLC. Because oxidation preferentially consumes '*CHy and leaves the remaining CH, enriched
in 13C (Coleman et al., 1981; Whiticar, 1999), greater oxidation in LLC could explain its more positive water-column §'3C-
CH4 values. However, other processes could produce or contribute to this difference. For example, partial dissolution of
isotopically depleted CH4 bubbles could introduce sediment-derived CH4 into the water column (Thebrath et al., 1993;
McGinnis et al., 2006). Consequently, differences in ebullition or bubble dissolution between the lakes could contribute to
their contrasting water-column isotopic signatures. Mixing with water containing CH4 of a different isotopic composition may
also have contributed to the observed contrast. Because the measured water-column isotope signatures integrate source
composition, oxidation, bubble dissolution, and physical mixing, the relative contributions of these processes cannot be

determined from the isotope data alone.
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4.2 Process Chain: From Potential CH4 Production via Sediment-water Fluxes to the Accumulation of Dissolved CHj4

Potential CHy4 production was significantly correlated with sediment-water CHy4 fluxes, which in turn were significantly
correlated with dissolved CH4 concentrations. Assuming that the potential CH4 production rates measured under anoxic
conditions reflect relative differences in CH4 production among sediments, the first relationship is consistent with sedimentary
CHj4 production contributing to sediment-water CH, fluxes. The second relationship is consistent with these fluxes contributing
to the accumulation of dissolved CHy4 in the littoral water. Together, these findings are consistent with hypothesis (i) of a
process chain from CH4 production in littoral sediments, via sediment-water CHy4 fluxes, to dissolved CHy in the littoral water.
However, because all three variables responded strongly to temperature, the observed relationships may partly reflect their
shared temperature dependence and therefore do not, by themselves, demonstrate causal propagation along the process chain.
Nevertheless, the variables were measured independently, and their covariation is consistent with the proposed mechanism.

An increase in CHy4 production raises pore-water CH, concentrations and thereby enhances the concentration gradient towards
the sediment-water interface, resulting in a larger sediment-water CHy4 flux (D’ Ambrosio and Harrison, 2022). Because this
flux acts as a source of dissolved CHj4, larger sediment-water fluxes can be expected to increase dissolved CH4 concentrations
(Peeters et al., 2019). However, the amount of dissolved CH4 in the water column depends not only on sedimentary inputs, but
also on losses through CH4 oxidation, emission to the atmosphere, and lateral transport or dilution (Bastviken et al., 2008;
Encinas Fernandez et al., 2016). Thus, changes in sedimentary CH4 production and sediment-water CH4 fluxes may be reflected
in dissolved CH4 concentrations, although the strength of this relationship may be modified by transport and loss processes in

the sediment and water column.

4.3 Temperature Dependence of Potential CH4 Production, Sediment-water CH4 Fluxes, and Dissolved CH4

Potential CH4 production increased substantially with temperature (Fig. 2i—k). The Arrhenius model yielded an activation
energy of 0.81 eV, corresponding to an approximately 3.3-fold increase in potential CH4 production between 10 and 20 °C. A
similarly strong temperature dependence of methanogenesis has been reported in laboratory and field studies (Lavergne et al.,
2021; Schulz et al., 1997).

Sediment-water CH4 fluxes and dissolved CH4 concentrations also increased strongly with temperature, with apparent
activation energies of 0.94 and 1.11 eV, respectively. These values correspond to approximate increases of 3.8- and 4.9-fold
between 10 and 20 °C. Strong temperature dependencies of CH4 emissions have also been reported in numerous aquatic
systems (Yvon-Durocher et al., 2014; Sepulveda-Jauregui et al., 2018).

The apparent activation energies of potential CH, production, sediment-water CHy4 fluxes, and dissolved CH4 concentrations
did not differ significantly from one another. This result is consistent with the temperature dependence of sedimentary CH4
production being propagated through sediment-water fluxes to dissolved CH4 concentrations in the littoral water. However,
given the uncertainty of the estimates and the partly different temperature ranges covered by the experimental production

measurements and field observations, small differences in temperature dependence cannot be excluded. Thus, the available
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data do not allow us to determine whether diffusion, oxidation, atmospheric exchange, or lateral transport modified the

temperature response along the process chain.

4.4 Spatial Differences Along the CHs Process Chain

Potential CH4 production showed a positive relationship with sediment organic carbon content (Fig. 5), suggesting that spatial
differences in organic carbon may have contributed to differences in methanogenic potential among sites. However, this
relationship was based on only seven site-level observations, and the positive slope was not significantly different from zero
(p = 0.118; Table S5). Potential CH4 production was also positively correlated with sediment-water CH4 fluxes, which were
in turn correlated with dissolved CH4 concentrations. Together, these relationships suggest that spatial differences originating
in the sediment may be propagated along the process chain from CHy production through sediment-water fluxes to dissolved

CHj4 concentrations.

Within LLC, potential CH4 production did not differ significantly among sites. Sediment-water CH4 fluxes and dissolved CH4
concentrations also showed no significant differences among G1, G2, and G3. Thus, the three LLC sites showed relatively
homogeneous patterns along the process chain. Within ULC, by contrast, potential CH4 production was substantially higher at
SIP and MUN than at OBG and LBM. A similar spatial pattern was observed in sediment-water CHy fluxes, suggesting that
spatial differences in sedimentary production were propagated to the flux across the sediment-water interface. However,
dissolved CH4 concentrations did not differ significantly among the four ULC sites. Thus, the pronounced site-level differences
in production and sediment-water fluxes were not maintained in the dissolved CH4 pool. Methane oxidation may have
attenuated these differences by removing part of the dissolved CH4, while lateral mixing may have redistributed CH4 among
littoral and offshore waters (Lofton et al., 2014; Hofmann, 2013; Encinas Fernandez et al., 2016). However, the contributions

of these processes were not quantified in this study.

Between the two lakes, dissolved CH4 concentrations were significantly higher in LLC than in ULC, whereas potential CHy
production and sediment-water CHs fluxes did not differ significantly. Lateral mixing may also have contributed to the lake-
scale difference in dissolved CH4 concentrations. Pelagic CHs concentrations are typically lower than littoral concentrations,
and littoral-pelagic exchange can therefore dilute CHy-rich littoral water (Encinas Ferndndez et al., 2016). Because ULC is
larger and more exposed than LLC (Fig. 1), its greater fetch and spatial scale may promote stronger horizontal mixing and
littoral-pelagic exchange (Okubo, 1971; Peeters and Hofmann, 2015). This could contribute to the lower littoral CH4
concentrations observed in ULC compared with the smaller and more sheltered LLC. Nevertheless, lateral exchange was not

measured directly, and this explanation remains a hypothesis.
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5 Conclusions

In summary, our results are consistent with the hypothesis of a process chain from CHy production in littoral sediments, via
sediment-water CHy4 fluxes, to the accumulation of dissolved CH, in littoral water. The similar apparent temperature
dependencies of the three variables are consistent with a temperature response along this process chain, although their shared
dependence on temperature prevents attributing the observed relationships solely to causal propagation. Within ULC, spatial
differences in potential CH4 production were reflected in sediment-water fluxes but were attenuated in dissolved CHy
concentrations. Methane oxidation and lateral mixing may have contributed to this attenuation, although their effects were not
quantified. Thus, spatial patterns of dissolved CHy in littoral waters reflect sedimentary inputs together with transport and

transformation processes acting after CHy4 enters the water column.
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