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Abstract

The occurrence of oxic methane production (OMP) has been reported for numerous aquatic ecosystems. Its sea-
sonal dynamics and contribution to global methane (CH4) emissions remains uncertain, however, due to the lack
of measurements constraining the spatial and temporal variability of OMP. In this study, we used data collected
over 4yrs with three types of models to estimate the net production/consumption of CHy (Ppet) in the surface
mixed layer of a eutrophic lake. These models allowed us to assess the lateral contribution and the surface fluxes’
variability on Ppet estimations. All model results show positive Ppet rates suggesting that OMP occurs consistently
during the stratified period and was often the dominant source of surface diffusive CH4 emissions. In years with
monthly data, we observed a consistent pattern of high Ppe rates at the start of stratification and a decrease
towards the end of the stratified season. Along with the Ppe trends and in agreement with recent findings, corre-
lations between Ppet vs. Secchi depth, chlorophyll a concentrations and light climate suggest that photoauto-
trophs play a role in CHy production. Finally, using an isotopic mass balance model, we determined that the
stable carbon isotopic signature of Ppe in this lake was likely between —49%o0 and —53%o, which aligns with
published work. Clearly, OMP can be a significant component of an aquatic CH4 budget of eutrophic systems,
but can vary temporally; thus, temporal Ppet variability should be considered when assessing the global contri-
bution of OMP to aquatic CH4 emissions, particularly in systems experiencing or threatened by eutrophication.

Over the last few decades, methane (CH4) oversaturation in
the surface oxic waters of oceans and lakes has been widely
reported (termed “The Methane Paradox”) (Lamontagne
et al. 1973; Scranton and Brewer 1977; Tilbrook and Karl 1995;
Karl et al. 2008; Tang et al. 2014). Although multiple mecha-
nisms have been proposed for the presence of this CHy, oxic
methane production (OMP) has been proposed as one of the
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main explanations for the Methane Paradox (Lamontagne
et al. 1973; Scranton and Brewer 1977; Grossart et al. 2011;
Bogard et al. 2014; Donis et al. 2017; Giinthel et al. 2019),
contrasting with the understanding that CHy is only produced
in anoxic environments (Conrad 2009). While several investi-
gations have reported evidence that OMP occurs in the surface
mixed layer (SML) of lakes (Grossart et al. 2011; Bogard
et al. 2014; Donis et al. 2017; Gilinthel et al. 2019; Giinthel
et al. 2020), the seasonal patterns and main drivers of OMP
remain unresolved.

About 20% of global warming can be attributed to CHy,
and freshwater systems are responsible for approximately 20-
40% of the total CHy4 emissions to the atmosphere (49-202
TgCH, yr'; Forster et al. 2021; Rosentreter et al. 2021;
Saunois et al. 2024). Therefore, identifying the drivers of CHy
sources and sinks in freshwater environments and their contri-
butions to atmospheric CHy is crucial for understanding how
the atmospheric CH; budget will evolve in a changing
climate.


https://orcid.org/0000-0001-6295-7690
https://orcid.org/0000-0002-1976-9181
https://orcid.org/0000-0002-1865-3937
https://orcid.org/0000-0002-5090-5575
https://orcid.org/0000-0002-6163-4299
mailto:cesar.ordonez@unige.ch
mailto:daniel.mcginnis@unige.ch
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5281/zenodo.14911124
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flno.70020&domain=pdf&date_stamp=2025-03-25

Ordoriez et al.

Several mechanisms have been proposed for CH4 produc-
tion under oxic conditions in lakes (Wang et al. 2017; Khatun
et al. 2019), the ocean (Karl et al. 2008; Repeta et al. 2016),
and rivers (Alowaifeer et al. 2023). Recently, it was proposed
that CHy is likely produced by any living organisms driven by
the interplay of reactive-oxygen species, iron species, and
methyl donors (Ernst et al. 2022). Interestingly, positive corre-
lations between dissolved CHy, oxygen and chlorophyll a (Chl
a) concentrations suggest a role of phytoplankton in OMP
(Bizi¢ et al. 2020; Hartmann et al. 2020; Giinthel et al. 2021).
Moreover, the discovery that OMP follows light-dark cycles
(Bizi¢ et al. 2020; Hartmann et al. 2020) and is positively cor-
related with light and temperature (Klintzsch et al. 2020) indi-
cates further links between OMP and photosynthesis. Since
primary productivity varies seasonally as well as from lake to
lake, it is likely that OMP dynamics also vary on the basis of
trophic state, algal species, and/or light conditions.

An alternative explanation of the Methane Paradox is the
transport of CHy from littoral sediments (Encinas Ferndndez
et al. 2016; Peeters et al. 2019; Morana et al. 2020), although
this mechanism alone has not been found fully to support the
atmospheric diffusive CHy emissions from studied systems
(Donis et al. 2017; Thottathil et al. 2022). In fact, recent stud-
ies show that OMP contribution to diffusive CH4 emissions
could fall between 0 % and 80 % in lakes during the stratified
season using differential mass balance approaches (Donis
et al. 2017; Gunthel et al. 2019; Ordoiez et al. 2023). OMP
occurs in surface waters (Tang et al. 2014; Donis et al. 2017)
and, unlike anoxic environments such as anoxic sediments or
the hypolimnion of stratified lakes, can be quickly emitted to
the atmosphere. Several studies have focused on estimating
the net production/consumption rate of CHy (Pnet) in the
SML, which is defined as the balance between OMP (that adds
CH,) and methane oxidation (MOXx; that consumes CHy). This
means that when Py is negative, MOx likely dominates over
OMP, and when Py is positive, OMP is likely higher than
MOx. Despite the limited data on a temporal scale, Giinthel
et al. (2019), Ordodnez et al. (2023), and Liu et al. (2024)
showed that Ppes has a tendency to decrease towards the end
of the summer. However, it is not known if this is driven by
an increase in MOX rate, a decrease of the OMP rates or both.

Estimating OMP rates in aquatic systems has been
approached using various methods. Incubation experiments
in glass bottles have been used to directly measure OMP (Bizi¢
et al. 2020; Giinthel et al. 2020), but it is unclear how these
controlled conditions might affect key variables driving OMP
or MOx rates (such as light or oxygen) compared to natural
lake environments. Other methods include using SML mass
balance calculations (Donis et al. 2017; Gtlinthel et al. 2019;
Hartmann et al. 2020; Thottathil et al. 2022), lateral transport
models (Encinas Fernandez et al. 2016; Peeters et al. 2019;
Ordéiiez et al. 2023), and mesocosm studies (Bogard
et al. 2014). While these methods can indirectly estimate Pret
rates at the ecosystem-level from the CHy4 sources and sinks,
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incubation experiments are necessary to accurately determine
OMP or MOX rates.

Given these complexities, we focused on studying Ppet, as it
represents the combination of all relevant biological
processing of CHy in the surface layer (i.e., MOx and potential
OMP) and directly contributes to diffusive CH4 emissions to
the atmosphere. To achieve this, we used measurements of
various CH4 components with a combination of mass balance
calculations and modeling approaches to investigate the tem-
poral dynamics of Ppes during the stratified periods from 2016
to 2019 in Soppensee (Lake Soppen). While previous research
in Soppensee has extensively examined hypolimnetic CHy
dynamics (Vachon et al. 2019), oxidation rates (Langenegger
et al. 2022), and ebullition (Langenegger et al. 2019), CHy
dynamics in the SML of this lake have not been studied. Our
comprehensive analysis includes results from this previous work
to complete a full scale analysis of resulting CH4 dynamics in
the SML over multiple years. The use of multiple budgets and
models allowed us to assess the temporal pattern of Pper and
its contribution to diffusive CH4 emissions. In addition, our
measurements allowed us to evaluate the potential stable carbon
isotopic signature of Ppe, as well as account for alternative
sources for surface CH4 in Soppensee. Finally, we evaluated
the upscaling approach proposed by Ordoéiiez et al. (2023) that
estimates Ppe rates using trophic parameters and found that
approach also works in this eutrophic system, further
highlighting the link between OMP and primary productivity.

Methods

Surface mass balance models

The full-scale mass balance (0-D) proposed by Donis et al.
(2017), a wind-based mass balance (0-D) and the lateral trans-
port model (1-D) proposed by Ordoniez et al. (2023) were used
to estimate net production/consumption rates (Ppe) in the
SML of Soppensee during the stratified period from 2016 to
2019 (Fig. 1). Ppet is considered the balance of OMP and MOx
(Pnet = OMP —MOx), which adds and removes CHy in the
SML, respectively. Thus, when Py is positive, the true OMP
rate is higher than Pp because MOx is also simultaneously
occurring. The full-scale mass balance model (Fig. 1c) esti-
mates discrete Ppe; rates for each sampling campaign over the
4yrs by considering measured sources and sinks of CHy. In
contrast, the wind-based mass balance model (Fig. 1d) contin-
uously estimates Ppe; rates by using wind-driven kegoo parame-
terization to calculate the flux to the atmosphere and by
interpolating other sources and sinks of CH4 over the same
temporal resolution during the stratified periods of 2016,
2017, and 2018. Both models assume that the SML is well-
mixed horizontally and vertically. The lateral transport model
(Fig. 1e), however, does not assume horizontal mixing within
the SML and instead estimates the lateral contribution of CHy
due to transport from littoral sediments using CH,4 concentra-
tion transects from the shore to the center measured in 2018
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Fig. 1. Schematic representation of CH, fluxes in the surface mixed layer (SML) at the beginning (a) and at the end (b) of the stratified period, and
methodological approaches. CHy is transported to the SML from littoral sediments (Fs), vertically via turbulent diffusion (F,) and from the dissolution of
bubbles (Rqis) originated from bottom sediments. The net CH4 production/consumption (Pnet) is considered as the balance of oxic CH4 production
(OMP) and CH4 oxidation (MOx) and it is estimated using three models: (c) Full-scale mass balance, (d) wind-based model, and (e) lateral transport
model. The full-scale and the wind-based mass balance models consider the SML as a well-mixed reactor while the lateral transport model uses horizontal
dispersion to represent lateral transport. The full-scale mass balance and the lateral transport model use measured values to estimate discrete Pne; rates at
each sampling campaign (t1, ..., t,), with the lateral transport model being applied only when a transect of CH4 concentrations was measured (t1, ..., t).
In contrast, the wind-based model estimates Pne; rates continuously where each measured CH4 component (except for diffusive emissions) was interpo-
lated through time. In this model, diffusive CH4 emission to the atmosphere (F,) was estimated using literature mass transfer coefficient parameterizations
as a function of wind speed (Us¢), as well as dissolved CH4 (C,,) and saturation (Csat) concentrations. F, was estimated using a chamber-based mass trans-
fer coefficient (KCHA) in the lateral transport model.

and 2019. Note that MOx rates are not essential for estimating
Ppet, they are, however, a prerequisite for calculating OMP. In
this study, we determine Ppet because it represents the compo-
nent that directly influences diffusive emissions.

Full-scale mass balance

The net CH4 production/consumption rate using the full-
scale mass balance (Ppetfs) Was determined in the SML during
the stratified period (Eq. 1). This approach assumed that the
SML can be modeled as a well-mixed reactor and the lateral
contribution to the mass balance is equal to the littoral sedi-
ment flux times the littoral sediment area. The spatial average
of the measured values of the CH4 concentrations (C), the dif-
fusive surface fluxes of CH, estimated from flux chambers

(Fa ), the bubble dissolution in the SML (Rg;s), the transport
of CHy through the bottom of the SML (F,), and the diffusive
CHy flux from littoral sediments (Fs) were used as boundary
conditions at each sampling campaign (Table 1).

dCVsyi

dt As()Fs — AaFa s (£) + Az (£)F7(t) + Rais () Vsmr ()

+Pnet,fs(t)vSML(t),' [mol dfl}

The SML volume (VsMp), lake surface area (A,), the littoral
sediment area (A;), and planar area at the bottom of the SML
(A,) are shown in Supporting Information Table S1. Both A,
and A, were estimated based on the SML depth for every time step.
Similar Ppe rates were found under both steady-state and non-
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Table 1. Measurements, model-derived parameters, and data sources analyzed from 2016 to 2019 over the stratified season.

Description Symbol  Equation Method Period Data source
Water column CHy4 C Head space Apr 2016 to Jan Vachon et al. (2019)
2018
Water column CHy4 C Head space 2018-2019 This study
Transect CH4 C Head space May and Aug 2018  This study
and Jul 2019
Water column §' 3CCH4 5‘3(:CH4 Head space Apr 2016 to Jan Vachon et al. (2019)
2018
Water column §'3Ccp, 83Cen, Head space 2018-2019 This study
Transect 8'3Ccp, 83Cen, Head space 2018-2019 This study
Diff. CH4 emissions Fas Floating chambers Apr 2016 to Jan Vachon et al. (2019)
2018
Diff. CH4 emissions Fas Floating chambers 2018-2019 This study
Diff. CH4 emission transect Fats Floating chambers May and Aug 2018  This study
and Jul 2019
Diff. CH4 emissions Fat Eq. 2 keoo Macintyre et al. (2010) 2016-2018 This study
parameterization
Diff. CHy4 flux littoral sediments Fspw Eq. 6 Porewater from cut-syringe 2016-2019 Langenegger et al.
(2022)
Diff. CHy4 flux littoral sediments Fspw Eq. 6 Porewater from Rhizons 2018-2019 This study
Diff. CH,4 flux littoral sediments Fs e Benthic chambers 2018-2019 This study
Total CH,4 eb. Flux below 8 m Feb Inverted funnels Apr 2016 to Jan Vachon et al. (2019)
2018
CH,4 ebullition rate at SWI Reb Bubble composition model 2018-2019 Langenegger et al.
(2019) and this study
CHy4 flux at the bottom of SML F, Eq. 9 Fick’s first law 2016-2019 This study
CH,4 bubble dissolution rate in the SML Rais McGinnis et al. (2006) 2016-2019 Langenegger et al.
(2019); Vachon et al.
(2019) and this study
Net CH4 production or consumption rate  Ppets Eq. 1 Full-scale mass balance 2016-2019 This study
Net CH4 production or consumption rate  Ppett Egs.1and 2 Wind-based mass balance 2016-2019 This study
Net CH4 production or consumption rate  Pret it Eq. 3 Lateral transport 2016-2019 This study
steady-state conditions (Supporting Information Fig. S1); therefore, 2
only the steady-state condition is presented in the manuscript. Fat =ken, (C—HepPen, ); [mmol m—d ] (2)

Wind-based mass balance

It is well known that the diffusive CH4 emissions (F,) varies
in time and space depending on the turbulence level at the
water surface due to wind velocity and convection (MacIntyre
et al. 2010; MacIntyre et al. 2021), as well as the CH4 concen-
tration gradient across the air-water interface. To account for
the natural temporal variability of F,, we employed a wind-
based mass balance model using continuously observed wind
data to compute a temporally resolved F,. We then linearly
interpolated the other CH4 components of the wind-based
mass balance to obtain daily Ppe rates during the stratified
period (Ppett, Eqs. 1 and 2). To calculate F,, the following
was used:

The Henry constant of CHy dissolution at in situ tempera-
ture (Hcp) was obtained following Sander (2015). The atmo-
spheric partial pressure of CHy (Pcn,) was obtained from air
samples taken at Soppensee and the local atmospheric pres-
sure during each sampling campaign. The mass transfer coeffi-
cient for CHy (kcn,) was calculated following McGinnis et al.
(2015), where the Schmidt number for CH4 was estimated
from the surface water temperature (Wanninkhof 1992), the
exponent n=2/3 when the wind speed at 10m height
(U19)<3.7ms ! orn=1/2 when Uyp>3.7ms"!, and the stan-
dardized gas transfer coefficient (kepo) following Maclntyre
et al. (2010) for negative buoyancy. This parameterization of
keoo showed the best agreement between five tested
parameterizations and the chamber-based keoo estimation
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(Supporting Information Table S2). k¢pp for the wind-based
mass balance model was estimated using daily average wind
speed measured from a meteorological station situated about
12km north of the lake (Egolzwil Station, Federal Office of
Meteorology and Climatology MeteoSwiss). A portable
weather station (Kestrel 5500) was sporadically deployed at
the center of the lake during most campaigns. When we com-
pared these lake level wind speed measurements and adjusted
them to a 10m height according to Crusius and Wanninkhof
(2003), we computed lower Ujo values compared to those
measured at 10m height at the Egolzwil station. This discrep-
ancy can be attributed to the wind shelter effect created by
the surrounding trees and hills around Soppensee, whereas
the Egolzwil station is located in an open field. To account for
this difference, we applied an empirical correction to estimate
the Ujp measured at Egolzwil under lake conditions
(U10,1ake = 0.7U 10 Egolzwit; Supporting Information Fig. 52).

Lateral transport model

The lateral transport model simulates transect CH4 concen-
trations in the SML following Peeters et al. (2019) and modi-
fied according to Ordoénez et al. (2023) (Eq. 3). This model
considers that the surface layer is fully mixed in the vertical,
thereby resulting in uniform CHy4 concentrations with depth
in the SML.

C 1 0 2C(t 1)
e G
. Chyp(t) ~ C(t,7)
HEn O & 3
ken, (1)
~ (e (CtD) ~Hep(t)Pen, (1)
+;€£r:)+Rdis(t, )+ Pretie(t); [mol m-3 dfl}

The mass transfer coefficient for CH4 was calculated based
on the average gas transfer coefficient obtained from the flux
chambers (kcp,), as they have shown good agreement with
the eddy covariance technique (Schubert et al. 2012) and have
proven applicable in both lotic and lentic systems (Lorke
et al. 2015). Cyy, is the CHy concentration 1 m below the bot-
tom of the SML and Az =1m. The model assumed that the
SML, along with its sources and sinks, is radially symmetric in
the horizontal plane. Consequently, the development of CHy
concentration along the transect can be described based on
the radial distance r from center to the shore of the lake
(rmax = /Aa/m). The SML thickness (H(r)) is equal to the
mixed layer depth in the pelagic zone (r<rs=+/(As—As)/7)
and decreases linearly to zero at the shore. The sediment flux
was considered equal to Fs and zero at the littoral and pelagic
zone as:

Lake temporal dynamics of oxic methane production

F, forr=r
Fy(r)=¢{""° s
0 forr<rs

[mmol m2 d’l} (4)
To estimate the horizontal dispersion coefficient (Ky) we
used Peeters and Hofmann (2015) parameterization:

Ky=1.4x10"*L""; [m?s7] (5)

where the length scale L (m) was calculated as L=r=+/A,/x.
Equation 5 is the average of the results 1, 3, and 4 found in
table 2 of Peeters and Hofmann (2015).

Ppet e rates for each date were calculated by minimizing the
root-mean-square error between the simulated transect CH,
concentrations to the measured CH4 concentrations using an
optimization solver implemented with the curve fit function
from (Virtanen et al. 2020) in Python (Ordéiiez 2023). Note
that the lateral transport model was only applicable to May,
July, and September 2018, and August 2019 campaigns when
CH, concentration transects were systematically conducted.

Study site and sampling

The study was conducted in a small eutrophic lake,
Soppensee (47.09°N, 8.08°E, 596 m above the sea level),
located in Canton Lucerne, Switzerland. This glacially formed
lake has a surface area of 0.24 km? and a maximal depth of
26 m. The lake watershed is about 1.6 km? and lies in an area
of intense agriculture (Lotter 1989).

This study relies on data from the water column profiles of
CHy, the stable carbon isotopes of CHy (513CCH4), temperature,
dissolved oxygen (O;), as well as CHy diffusive fluxes to the
atmosphere and CHjy ebullition rates during April 2016 to Jan-
uary 2018 from Vachon et al. (2019). Additional water column
data were collected during 2018 and 2019 including surface
CH4 concentrations, 613CCH4 and surface diffusive fluxes to
the atmosphere (F,) along transects performed in May, July,
and September 2018 and August 2019. Ten locations were
sampled in each transect from the shore to the deepest point
of the lake. The sample locations and the bathymetric map are
shown in Supporting Information Fig. S3.

In the deepest point of the lake (M1; Supporting Informa-
tion Fig. S3) temperature loggers (Vemco Minilog-1I-T; + 0.1
°C, resolution 0.01 °C) were moored from April 2016 to Octo-
ber 2019. Water temperature was measured every minute at
several depths (Supporting Information Fig. S4). A dissolved
O, probe (miniDot, Precision Measurements Engineering) was
installed at ~ 1 m depth where temperature, dissolved O, con-
centration (mgo, L"), and saturation (%) were measured
every minute from April 2016 to October 2019. In addition,
manual CTD (Conductivity—temperature—depth) profiles were
performed at M1 using a multiparameter sonde (EXO2 Yellow
Spring Instrument, after May 2017 a Seabird SBE19plus CTD
profiler). The EXO2 profiler was equipped with a temperature,
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conductivity, oxygen and pH sensor while the SBE19plus was
equipped with the same parameters plus turbidity, photosyn-
thetic active radiation, and Chl a sensors. The high resolution
temperature (T) profiles were used to define the bottom of the
SML as the depth from the surface where the temperature gra-
dient transition from lower to higher than —1'Cm™' (i.e.,
transitioning into the metalimnion) (Fee et al. 1996).
Although several approaches exist to estimate the SML depth
(Imberger 1985; Bernhardt and Kirillin 2013; Diaz et al. 2021),
a visual assessment of the estimated SML depths as per this
chosen approach suggests it effectively distinguishes the
homogeneous temperature portion of the water column
(i.e., the SML) from the region where temperature gradient
increases (i.e., the metalimnion) (Supporting Information
Figs. S4, S5). The stratified period was defined when the den-
sity difference between the surface and bottom water exceeded
0.7 kg m 3. Water density was calculated using T and the spe-
cific conductivity at 20°C (kz0) from the CTD profiles
(Imboden and Wiiest 1995). In August 2016, May and
September 2018, and August 2019, manual water profiles were
performed with a spectrofluorometer (bbe Moldaenke GmbH)
at the deepest point of the lake to measure total Chl
a concentrations. Lower concentrations were found from mea-
surements performed with the SBE19plus CTD profiler com-
pared with the spectrofluorometer at the same time in the
lake. Therefore, the average Chl a concentration was calcu-
lated as the average value in the SML measured with the spec-
trofluorometer and the corrected values from SBE19plus CTD
profiler using an empirical correction (Supporting Information
Fig. S6).

Diffusive CH, fluxes from littoral sediment (see definition
below) from Langenegger et al. (2022) were included in our
analysis. Additional littoral sediment cores were retrieved at
the same locations (a, b, and c) reported by Langenegger et al.
(2022) to determine CHy diffusive fluxes using benthic cham-
bers and Rhizons (see Methods below). Finally, the Secchi disk
depth was also measured at each sampling campaign after
August 2016. An overview of the data used along with the
associated time periods and sources is given in Table 1.

Water column CH4 concentration and 613CCH4 signature
The surface CH4 concentrations and 513CCH4 were mea-
sured using the methodology described by Vachon et al.
(2019) for the water profiles and by Orddiiez et al. (2023) for
the transect conducted during May, July, and September 2018
and August 2019. The transect measurements were considered
as representative of daily average conditions (Table 1). For
each sample, CH4 concentration and its 513CCH4 were mea-
sured using the headspace method following Donis et al.
(2017). The samples were measured on a Cavity Ring-Down
Spectrometer analyzer (Picarro G220-i) for CH4 concentrations
in the gas phase (ppm) and stable carbon isotopic ratios
(6"3Ccpn, in %o0). Water CH, concentrations were back calcu-
lated according to Wiesenburg and Guinasso (1979)
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accounting for water temperature, air concentration and the
headspace/water ratio in the bottle. Water column profiles of
CH4 concentrations were measured at the deepest point of the
lake (M1) and in May and September 2018 they were also
measured at a 12-m deep point (M2) and along 10 surface
water points in each transect. Since multiple depths were mea-
sured in the SML at M1 and M2 compared with only one
value at the surface of each point in the transects, the average
CH4 concentration value in the SML at M1 and M2 was
assumed as part of the transect to calculate the surface average
CH4 concentration for the entire lake. This procedure mini-
mizes the bias that can be caused by the several measurements
taken at M1 and M2 in comparison with only one sample for
the rest of the transect. When transect data were not available,
the average value for the entire lake was calculated with the
CHy4 concentrations measured in the SML.

CH, diffusive fluxes to the atmosphere

The diffusive fluxes to the atmosphere (F,) were estimated
using a floating chamber attached to a portable GHG analyzer
(UGGA; Los Gatos Research). The floating chamber consists of
an inverted plastic container with foam elements for flotation
(as McGinnis et al. 2015). Fluxes were obtained by the slopes
of the resolved CHy4 curves over ~5 min when the slopes were
approximately linear (R*>>0.97). F, was measured at M1, and
in May and September 2018, it was also measured at M2 and
along the same transects where CHj concentrations were
recorded (Table 1). Since multiple measurements were taken at
M1 and M2, compared to a single measurement at each point
along the transects, the average values from M1 and M2 were
assumed as part of the transect to calculate the average flux F,
for the entire lake. Similar to the CHy concentrations, this
approach minimizes the bias due to number of samples.

Sediment core extraction

Littoral sediment cores were retrieved at the same locations
as the ones presented by Langenegger et al. (2022) (Cores a, b,
and ¢; Supporting Information Table S1), where porewater con-
centrations were measured with Rhizons (Rhizosphere Research
Products). The sediment cores were retrieved with a gravity sed-
iment corer (Uwitech) equipped with an acrylic liner of 70 cm
in length and with an internal diameter of 6 cm. The liner had
pre-drilled holes every 1 cm to fit Rhizons and 1- and 3-mL
syringes. Additional sediment cores were retrieved in those
same locations and benthic chambers were used to calculate
the CH, diffusive flux from the sediment cores. The location
and depth of each core are shown in Supporting Information
Fig. S3 and Table 2, respectively, and Rhizons and benthic
chamber approaches are described below.

Porewater CH4 concentration and 513CCH4 signature

The Rhizons are porewater samplers designed to extract
small volumes of water from soil and sediments in a mini-
mally disturbing way. They are made of an inert microporous



Ordoriez et al.

Lake temporal dynamics of oxic methane production

Table 2. CH, diffusive flux from littoral sediments. Data from this work and previously published data from Langenegger et al. (2022)

and Langenegger et al. (2019).

Diffusive flux (mmolm2d~")

Water Benthic

Core Date depth (m) Temp (°C) chamber Rhizons Cut-syringe Average
C1 August 12, 2019 0.80 22.40 3.23 0.29 1.27 1.60

c2 August 12, 2019 1.00 22.40 2.38 0.05 3.14 1.86

c3 August 12, 2019 1.00 22.40 0.50 0.32 1.1 0.64

C4 July 10, 2017 3.00 23.70 - - 1.43 1.43

c5 September 13, 2016 4.00 21.00 - - 3.64 3.64
Ccé6 July 10, 2017 6.00 10.30 - - 0.22 0.22
Average sediment flux (mmol m=2d~") 1.56 +1.19

tube (0.15 pm) that is connected to a needle through a flexible
1-mm tube. About 2 mL of porewater was extracted using the
Rhizons and transported through a needle into evacuated and
septum-capped 49 mL glass vials (Infocroma). Vials were filled
with zero air to create a headspace and shaken vigorously for
2 min to allow the porewater and headspace to reach equilib-
rium. The headspace was extracted with a glass syringe
(Fortuna Optima) by gently injecting zero air (Synthetic air
5.6, Pangas AG) into the vial with a second glass syringe prior
to flushing the headspace three times between the two
syringes.

Due to the fact that Rhizon measurements can be
influenced by surrounding sediment, CH4 concentrations in
the porewater were also estimated using the cut-syringe
method (Donis et al. 2017; Langenegger et al. 2019). Briefly,
about 3mL of sediment was subsampled with headless 3-mL
syringes through pre-drilled holes in the core liner. The sam-
ple was immediately placed into 1-L glass bottle (Duran
GmbH) containing 600 mL of lake water previously equili-
brated with atmospheric air with an air stone. Subsequently,
the same procedure as the water column headspace method
was used.

The headspace for both methods was then measured with
the Cavity Ring-Down Spectrometer analyzer (Picarro G220-i)
directly from the glass syringe for CHy and 6'*Ccy, concentra-
tions in the gas phase. Methane concentrations were back-
calculated using Wiesenburg and Guinasso (1979) accounting
for water temperature, the headspace/water ratio in the vial,
dilution effects from syringe extraction and sediment
porewater (assuming equilibrium with the atmosphere), and a
porosity of 0.9.

Methane diffusive fluxes from littoral sediments

The littoral CHy sediment flux (F;) was determined using
the porewater concentration profiles sampled with the Rhizon
and cut-syringe methods as well as directly measured with
benthic chambers (see below). To calculate sediment flux via

the porewater profiles, we used Fick’s First Law over the linear
top 2-3 cm following:

oC o
Fs,pW:*¢DCH40_ZE; [mmolm 24 1] (6)

where Fsy, is the diffusive CHy flux at the sediment-water
interface (SWI), ¢ is the porosity of the sediments (assumed to
be 0.9), D¢y, is the diffusion coefficient for CHy in water
(1.5 m? s~1; Broecker and Peng (1974)), 6% is the square of tor-
tuosity (1.2; Boudreau (1997)), and dC/dz is the measured ver-
tical CH4 concentration gradient at SWI.

Benthic chamber fluxes were measured directly in the litto-
ral sediment cores immediately after retrieval (F;,). A core lid
was placed on the retrieved core leaving ~ 5 cm of headspace
and ~30—50cm of water. The lid was connected to a GHG
analyzer (UGGA, Los Gatos Research) creating a closed loop
where the partial pressure of CHy (Pcn,) was measured over
time. Each deployment lasted about 1h while the surface
water was stirred to increase the mass transfer coefficient at
the air-water interface without producing resuspension. Dis-
solved CH4 concentrations (Cy) in the overlying core water
were measured at the beginning and at the end of the experi-
ment. The fluxes were calculated based on the temporal
change of CH4 concentration inside the chamber as proposed
by Ordonez et al. (2023).

The final littoral sediment flux (F;) was calculated as the
average flux at each location (Table 1), determined as the aver-
age of all the methods (if several methods were applied in the
same sediment core). The littoral sediment flux was assumed
constant during the entire period of analysis.

Bubble CH,4 dissolution and ebullition rates

Ebullition rates at the SWI (Re,) for the entire lake sediment
in May, July, and September 2018, as well as August 2019,
were determined using bubble composition measurements
from those dates and diffusive sediment fluxes from measure-
ments taken between 2016 and 2019 following Langenegger
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et al. (2019) (Table 1). Briefly, this method estimates sediment
ebullition rates using measured diffusive fluxes and assumed
exponential profiles for CH4 production in the sediment, as
well as measured bubble composition to conduct a sediment
mass balance for the upper portion of the sediment. In 2016
and 2017, ebullitive fluxes from sediments located 8 m below
the surface were estimated using inverted funnels placed 4 m
below the surface (Vachon et al. 2019). To estimate the total
ebullition rate (Rep) for 2016 and 2017, including the missing
data from sediments above 8m, we calculated the aver-
age proportion of total ebullition occurring below 8m
(Reb/Reb,sm = Pgm) using data from 2018 and 2019 as follows:

Reo(t) = Fet,m(D)Asgm®sm; [mmold ™| (7)

where Asgm and Fepgm are the sediment area and the ebulli-
tion flux below 8 m respectively. t are the dates of each sam-
pling campaign conducted during 2016 and 2017.

The temporal variation of Re, for 2018 and 2019 was esti-
mated assuming that Rep, for July 2018 and August 2019 are
the maximum rates during the respective years. The temporal
distribution of the missing data of those years were obtained
from the temporal distribution of 2016 as:

R t )
Reb,i(t):Rg;f‘i"M; [mmold 1} (8)

max
eb,2016

where i is the year 2018 or 2019 and ¢ is each sampling cam-
paign conducted each year.

The bubble dissolution rates (Rgis Vsmi) in the SML were esti-
mated using the slope of the linear interpolation of the pro-
portion of RgisVsmi in the SML and Rq, in May and August
2018 and July 2019 (Supporting Information Fig. S7). The Rgis
rates for May and August 2018 and July 2019 were estimated
following Ordofiez et al. (2023), where the dissolution from a
single bubble released from the sediment was calculated using
McGinnis et al. (2006) considering a 5-mm bubble diameter,
which is an average bubble diameter observed in lakes.

Vertical CH, diffusive fluxes from/to the SML
Diffusive fluxes to/from the SML (F,) were estimated using
Fick’s First Law:

aC
FZ = _KZZ

; {mmol m %4’ 9)
where ¢ at the bottom of the SML was estimated using the
water column profiles of CHy concentrations (Supporting
Information Fig. S8). K, was determined from the heat budget
method (Powell and Jassby 1974) at the bottom of the SML
using the CTD profiles and temperature measurements from
the thermistor mooring located at M1.

Lake temporal dynamics of oxic methane production

Isotopic CH4 mass balance
The isotopic signature associated to Pret (513CCH4,p_net) was
estimated using an isotopic CH4 mass balance in the SML:

Rouikd"Con,y Ry = smr (Raisd > Cety Ry, + Pretd™> Cctt, -y )
+FABSSCen, 1, +F,Ap8 Cen, 1, [mmol %o dﬂ
(10)

where 6'3Ccp, g, is the result of the potential sources of CHy4
in the SML that include CHy diffused from the littoral sedi-
ment, released as bubbles and dissolved in the SML or verti-
cally transported from the hypolimnion. Similarly, Ry, is the
rate of total production of CH, in the SML considering the dif-
ferent sources of CHy as:

Rouk = FoAls + F,Ap + Vsat (Rais + Paet); [mmold™'] (1)

where 6'3Ccp, 5, 6'3Ccp,_r, and 8'3Ccy, g, are the isotopic
signatures at the top of the littoral sediment, at the bottom of
the SML, and from bubbles dissolved in the SML, respectively.
613Ccn, 5, and 63Ccpn, r,, Were extracted from Langenegger
et al. (2022), whereas 6'*Ccy,_y, are extracted from water col-
umn profiles (Supporting Information Fig. S8) and
813Ccu, Ry, from a Keeling plot using transect data measured
in 2018 and 2019.

Oxidation rates and fraction of methane oxidized
Methane oxidation rates were estimated from Thottathil
et al. (2019) as follows:

In(MOX) = fiy +f; In(CHy) +/32%+ In (e*oz - e’(””>02> (12)

where MOX rates are in mmol m 3 dt, CHy4, and oxygen (O3)
concentrations are in mmol m ™, and water temperature is in
Kelvin. g, p1, p», 4, and a were obtained from Thottathil
et al. (2019).

The fraction of CHy oxidized (f,) was estimated from the
Rayleigh model for closed systems (Liptay et al. 1998) using a
constant fractionation factor (a« =1.02; Bastviken et al. (2002)
and Thottathil et al. 2018) and a constant isotopic signature
of the mixture of sources determined via a Keeling plot
(63 CcH,_Bulk = —59%0). The closed system model is based on
an isotopic mass balance assuming the SML as a closed single
layer (i.e., volume of water) at some arbitrary time point of a
large incubation experiment, and its applicability in surface
water has been demonstrated (Thottathil et al. (2018)). We,
however, also estimated f,, using a mass balance approach
(f ox =MOx/Total Production) that uses measured sources
(Table 1) during the campaigns along with oxidation rates
estimated based on Thottathil et al. (2019).
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Monte Carlo simulation

Monte Carlo simulations were performed (10,000 itera-
tions) when solving both mass balance models following
Ordénez et al. (2023). Ppet, Rais, and F, were selected within a
normal distribution resulting from the mean (¢) and standard
deviation (o) retrieved from field measurements. To avoid neg-
ative values for F, and F, a gamma distribution defined by
the shape (x=u?/0?) and the scale (6>=02/u) was chosen.
Here the gamma distribution has the density f(x) = gx“1 o),
where I' is the gamma function. Random.normal an

random.
gamma functions from the Numpy package (Harris
et al. 2020) in Python were used for each normal and gamma
distributions, respectively.

Source contribution of atmospheric diffusive CH, fluxes
Each source contribution to the diffusive surface flux was
estimated as:

Source contribution; = S 100; %) (13)

Z,‘S/'

where S; is each source term (mold™!), such as bubble dissolu-
tion (RgisVsmi), sediment flux (FsAs), net production/consump-
tion (PpetVsmy), and vertical diffusive flux (F,A,). If S;<0, then
S; =0 for each source term i.

Results

Limnological measurements

Surface waters remained oxygenated over the 4 yrs of mea-
surements during the stratified period (2016-2019; Supporting
Information Fig. S9). The surface water temperature during
the stratified period was consistent between the different years
with an average value of 21+3°C. The SML depth ranged
between 1.4 and 7.5 m during the stratified period with a clear
tendency to deepen towards the end of the summer
(Supporting Information Fig. S10). The average Secchi disk
depth (SD) and Chl a concentrations during the stratified
period of the 4yrs were 2.4+1.1 m and 5.1+3.1mgm~3,
respectively (Supporting Information Table S1 and Fig. S11).

Surface CH4 concentration and isotopic signature

The surface CH4 concentrations ranged between 0.3 and
1.3mmolm* during the stratified period with an average
value of 0.93+0.28 mmolm * (Supporting Information
Fig. S12). In fact, the CH4 concentrations showed a general
tendency to be lower in May, increased in June and July, and
decreased in September. There was a slight increase in CHy
concentrations in October, likely due to the start of mixing
(Fig. 2a). 8'3Ccy, in the SML ranged between —60%o and
—30%o0 with a tendency to become more enriched towards
the end of the summer and beginning of autumn (Fig. 2b).

Lake temporal dynamics of oxic methane production

Higher surface CH4 concentrations were observed in the
transect conducted in July 2018 compared to May and
September 2018, and August 2019 (Fig. 3). On average, the
CH4 concentrations near the shore were 7% higher than at
the center of the lake, however the difference along each tran-
sect was not significant (ANOVA analysis). Surface 6'3Ccy,
along the transect ranged between —57%o and— 38%o0
(Supporting Information Fig. S13). Lighter §'3Ccy, was
observed in May 2018 compared with the other three cam-
paigns (Supporting Information Fig. S13). Significant differ-
ences between (SI?’CCH4 at the shore and the center of the lake
were only observed on August 2019, where 6'3Ccy, near the
shore was 8% more depleted than at the center (Supporting
Information Fig. S13).

Diffusive CH, emissions to the atmosphere

Diffuse CH4 emissions (F,) at the air-water interface (AWI)
measured with floating chambers ranged between 0.1 and
3.7mmolm 2d! during the stratified season (Table 3
and Supporting Information Fig. S14). On average, in Septem-
ber F, reached its lowest value (1.0£0.5mmolm-2d~!) and
increased during the fall up to 2.1+14mmolm 2d!
(Supporting Information Fig. S15a). The yearly average value
of F, during the stratified season was higher in 2016
(1.4+1.0mmolm ?d !; number of days averaged n=>5) and
2017 (1.8+0.8 mmolm2d~!, n=6) followed by a decrease
during 2018 (1.0+1.1mmolm%d™!, n=3) and 2019
(0.5+0.4mmolm >d!, n=2) (Supporting Information
Fig. S15b). Using floating chamber measurements, we calcu-
lated the normalized chamber-based gas transfer coefficient
(ke00,cp) following (McGinnis et al. 2015) (Supporting Informa-
tion Fig. S16), where the Schmidt number was estimated from
surface water temperature (Wanninkhof 1992).

To estimate the diffusive CH4 emissions for the wind-based
model (Eq. 2), wind velocity at 10 m was used to calculate Kc,
during 2016, 2017, and 2018 over the stratified period in
Soppensee. Daily wind velocity at the Egolzwil meteorological
station ranged between 0.6 and 7.8ms~' with an average
value of 2m s~ (Supporting Information Fig. S17). The aver-
age value of kcy, estimated with MA10-NB was 1.3+0.3 ms™!
from 2016 to 2018 with minimum and maximum values of
0.68 and 2.8ms~! respectively (Supporting Information
Fig. S17). No significant differences were found between years
for the wind velocity or kcp,. Five literature kgop parameteriza-
tions were compared with the chamber-based kg0,
(Supporting Information Fig. S16) to determine the best kggo
parameterization to be used in the wind-based mass balance
model. The best fit between the kgoo literature parameteriza-
tions and kego,p Was obtained with MA10-NB (MacIntyre et al.
(2010) negative buoyancy, R*=0.44, MNB = 0.06). The other
four parameterizations underestimate Kkgo0c, (MNB=[0.19-
0.53]) and show a low determination coefficient (R%>=[-0.07
to 0.44]) (Supporting Information Table S2).
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Fig. 2. (a) Monthly distribution of surface CH4 concentrations (violin) and surface temperature (red line) from 2016 to 2019. (b) Monthly average of
surface isotopic signature of CH4 (5'3Ccp, ). Each box shows the first and third quartiles with the median (line), whiskers extend to the most extreme data
point within 1.5 times the interquartile range from the box. The white dot represents the average of each distribution.

Diffusive CH,4 fluxes from littoral sediment

The deepest SML during the stratified season for all years
was 7.5 m (October 2019); therefore, sediments in water
shallower than 7.5 m were classified as littoral. Diffusive
CH, fluxes from littoral sediments (Fs) were obtained via dif-
ferent methods (Table 2). The average F, was
1.56+1.19mmolm 2d ! for the entire 4-yr period. About
80% lower values were obtained with the Rhizons compared
to the benthic chambers and cut-syringe methods. No correla-
tion was observed between sampled depth and F, within the
SML depth range.

CH4 ebullition rate and bubble dissolution

Monthly average ebullition rates ranged between 0.9 and
2.0mmolm 2d~! (Supporting Information Fig. S18a) with
the lowest in June and highest in September. Annually, the

highest ebullitive fluxes were observed in 2018
(23mmolm2d!) and the lowest in 2016
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Fig. 3. Surface CH; concentration along the transect sampled in
Soppensee. Lines represent the CH4 concentration simulated using the
lateral transport model and squares are the measured values.
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(0.8 mmolm >d ') (Supporting Information Fig. S18b). As
the CHj; dissolution rates were estimated based on the
ebullitive fluxes and the McGinnis et al. (2006) bubble dissolu-
tion model, we observed the same temporal dynamics for dis-
solution rates as we did for ebullition. The dissolution rates
into the SML layer ranged between 0.001 and
0.06 umolm—2d "' (Table 3; Supporting Information Fig. $19).

Vertical diffusive fluxes from/to the SML

The vertical diffusive flux from/to the SML is driven by
the vertical turbulent diffusivity K, and the concentration
gradient just below the bottom of the SML. K, ranged between
0.1 and 8x 10 °m?s™! with a clear tendency to be lower
towards the end of the summer (Supporting Information
Figs. S20, S21). During the stratified season, F, ranged
between — 0.11 and 0.22mmolm 2 d~! from 2016 to 2019
(Table 3; Supporting Information Fig. S22). Across all years,
the metalimnion acted as a source of CHy to the SML in May,
June and October and as a sink in August and September. In
July of all years, F, was negligible (Supporting Information
Fig. S23a). During the stratified period in each sampling year,
the metalimnion was a small source of CHy to the SML, except
in 2017 (Supporting Information Fig. S23b).

Surface mass balance

The P, rates obtained with the full-scale mass balance
(Pretfs), the wind-based (Prett) mass balance, and the lateral
transport  (Ppet i) model ranged between—140 and
910 pmolm‘3 d! (Fig. 4) and were similar across models
(Supporting Information Fig. S24). Monte Carlo simulations
were applied to assess uncertainties using all sources and
sinks in the lateral transport model and the full-scale
mass balance (Methods). A decrease in P, rates was
observed from the beginning towards the end of the summer
where the highest and the lowest averaged Pp.t were estimated
for June (604 £+ 358 pmol m3d and September
(—46 +82 pmol m3 d_l), respectively (Fig. 5). On average, Ppet
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Table 3. Inputs for the full-scale mass balance and lateral transport model in the surface mixed layer (SML) (mean =+ SD).

K Chyp Kz ken, Fa Fs F, Ryis

Date (m2d™")  (mmolm3) (10°ms ") (md) (mmolm-2d™") (umolm~3d™")
May 25, 2016 1.2+ 04 0.1 £0.1 1.6 £10.8
June 15, 2016 1.4+0.9 0.1 £0.1 7.5+10.7
July 4, 2016 1.3+1.2 0.0 11.1+11.0
August 4, 2016 1.2+0.8 —0.02 £0.01 28.1 +£10.7
October 6, 2016 3.7+£04 0.02 £ 0.01 374+ 11.0
May 22, 2017 29+0.5 0.0 33.6 £10.9
June 12, 2017 1.4+£0.3 0.01 £ 0.01 45.6 +10.9
July 10, 2017 1.2+0.3 1.6 +1.2 —0.10 £ 0.04 23.2+10.7
August 2, 2017 1.4+0.6 (n=6) —0.03 £ 0.02 27.8+10.9
August 28, 2017 1.5+£1.0 —0.10 £ 0.03 51.1+£10.9
October 12, 2017 24+038 0.2 +0.1 36.4+10.7
May 16, 2018 5080 1.14 4.5 1.0 0.7+0.2 0.10 +£ 0.04 51.0+ 3.9
July 10, 2018 5080 1.43 8.1 2.6 23+1.4 0.1 £0.1 56.3+10.8
September 12, 2018 5080 0.36 0.8 0.6 0.3+0.2 0.0 58.3+10.8
August 12, 2019 5080 0.18 2.6 1.1 0.6 £ 0.5 —-0.1£0.1 57.6 + 8.4
October 22, 2019 0.2 +£0.1 0.2 +£0.1 549 4+10.9

Ky is the horizontal dispersion coefficient, Cnyp is the CH4 concentration 1m below the SML, K; is the vertical diffusivity at the base of the epilimnion,
and kcy, is the average chamber-based mass transfer coefficient. F,, Fs, F,, and Ry;s are the surface diffusive emissions, littoral sediment flux, vertical flux
at the base of the epilimnion, and the bubble dissolution rate in the SML, respectively.

rates were about 350, 505, 174 and —7 pmolm > d~! for 2016,
2017, 2018, and 2019, respectively (Supporting Information
Fig. S25). Note that only three campaigns were conducted in
2018 and two at the end of the stratified period of 2019. No
simulation for the wind-based mass balance model was com-
pleted for 2019 given the lack of temporal data.

Isotopic CH4 mass balance

The Keeling plot method (Keeling 1958) was applied to esti-
mate the §*Ccy, of the CH, mixture of sources in the SML
(6" Ccn,r,,,) during the transects conducted in May, July and
September 2018 and August 2019 (Fig. 6). When Py rates
were low (i.e., lower than 100 pmol m~3d7!, September 2018
and August 2019), the positive correlation between 1/CH4 and
613CCH4 indicates CH4 fractionation by MOx is occurring. In
contrast, when Py rates were high (May and July 2018), no
positive correlation between 1/CHy4 and 513 Cch, was observed,
thereby indicating that MOx was likely negligible compared
to the CHy4 produced. Conducting an isotopic CH4 mass bal-
ance in the SML, the §'3Ccp,.p net Of the main source (Pt Or
OMP) was — 49%o and — 53%o0 for May and July 2018, respec-
tively (the 6'3Ccp, of all sources are summarized in Supporting
Information Table S3).

Methane oxidation rates and fraction of methane oxidized

Estimated MOx rates from an empirical model devel-
oped by Thottathil et al. (2019) ranged between 0.01 and
0.2mmolm3d! (Fig. 7a). While no clear trend was observed
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in MOx rates, the fraction of CHy4 oxidized (f,,) in the SML as
calculated by both the Rayleigh model for closed systems and
a mass balance approach tended to increase towards the end
of summer into the fall (Fig. 7b).

Contribution of CH,4 sources to atmospheric diffusive
emissions

Using the P obtained from the full-scale mass balance
(Pretfs), we calculated the contribution of each CH, source to
atmospheric diffusive CH4 emissions during the stratified sea-
son (Fig. 8). Pnet and F were the major sources of CHy in the
SML for most campaigns, with minor contributions from Rg;s
and F, until the late summer campaigns of 2018 and 2019.
On average, Pnee contributed about 65% of the total diffusive
emission from 2016 to 2019, ranging from negligible amounts
in September 2018 and October 2019 up to 90% in May 2017.
Seasonally, Ppnee contributions were generally higher at the
beginning of summer (~80% in June) and decreased towards
the end of summer. P, was the dominant source at each
campaign except September 2018 and August and October
2019, when the dominant source was Fs (September 2018 and
October 2019) or Rg;s (August 2019). On average, Fs contrib-
uted about 20% from 2016 to 2019 reaching up to about
~50% on September 2018. The seasonal F; contribution mir-
rored the seasonal P contribution trend, that is, lower at the
beginning of summer compared to the end. The contribution
of bubble dissolution in the SML (Rys) to diffusive CHy
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Fig. 4. P, estimation during the stratified season using the full-scale mass balance (Pt s, light blue), the lateral transport model (Ppet 1, violet) and the
wind-based mass balance model (two weeks moving average P, blue line). The shading around the wind-based mass balance model corresponds to
an uncertainty based on using 0.55U1¢,egolzwil at the lower end and 0.85U1 golzwil @t the higher end for Ujg ake When estimating surface diffusive emis-
sions. Each box shows the first and third quartiles with the median (line), whiskers extend to the most extreme data point within 1.5 times the inter-
quartile range from the box. The white and black dot represents the average of the distribution for the full-scale mass balance and lateral transport
model, respectively. The P distributions are estimated from the Monte Carlo simulations.
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Fig. 5. Monthly average Py rates in the SML during the stratified season
from 2016 to 2019 obtained with the full-scale mass balance model. Each
box shows the first and third quartiles with the median (line), whiskers
extend to the most extreme data point within 1.5 times the interquartile
range from the box. The P, distributions are estimated from the Monte
Carlo simulations. The white dot represents the average of the distribu-
tion. For better visualization the violin plots were filtered to show the data
between two times the interquartile range. The non-filtered data are
shown in Supporting Information Fig. S26.
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emissions was negligible (<0.1%) in 2016 and 2018, but
was ~30% in 2018 and 2019. The highest Ry;s contribution
was on September 2018 (47%). The F, contribution was neg-
ligible during the entire period of analysis, except for June
2018 and October 2019 when it was 10% and 30%,
respectively.

Discussion

In this study, we calculated the rate of net CH, production/
consumption (Ppet) over 4yrs in the oxic SML of a eutrophic
Swiss lake using a full-scale mass balance, a wind-based mass
balance, and a 1-D lateral transport model. The different
approaches produced similar Py rates and the same temporal
patterns (Fig. 4). Except for the two 2019 campaigns, Ppet rates
were consistently positive during the strongly stratified period,
indicating that OMP needs to occur to close the mass balance
in Soppensee’s SML. The average Ppe rates for the four strati-
fied seasons was 290+ 358 pmolm > d~! which is within the
range of previously reported values (0.2 —1434 pmolm3d?;
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Fig. 6. Keeling plot analysis of the surface CH4 concentration during the transects conducted in May, July, and September 2018 and August 2019. The
different colors represent the P rates obtained on those dates with the full-scale mass balance model.

Gilinthel et al. (2021) and Ordéiiez et al. (2023)). In fact, a
highly similar Ppe: rate was estimated for another eutrophic
Swiss lake (Lake Bretaye, 305pumolm™d~!; Ordénez et al.
(2023)). Moreover, Ppet was the major contributor to diffusive
atmospheric CH, emissions from Soppensee (65% +29%). As
also shown by Vachon et al. (2019), the contribution of CHy
produced in deep sediments to the SML is negligible during
stratification (Fig. 8; Supporting Information Fig. S10) because
deep CH4 accumulates in the hypolimnion and/or is oxidized

(a)

at the oxycline, and is therefore not transported to the SML
(Vachon et al. 2019).

Monthly CH4 dynamics in the SML over the stratified
season

Ppet rates in Soppensee during the stratified period were tem-
porally variable. The wind-based and the full-scale mass balance
models resulted in high Ppe rates (~ 800 pmolm_3 d™1) at the
beginning of summer, indicating that OMP dominated over
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Fig. 7. Methane oxidation (MOx) dynamics during the

stratified period from 2016 to 2019.

(a) Rates of total production

(TotalProd. = (FsAs + F,A;) /Vsmi + Pnet + MOX + Rgis), OMP and MOx in black, yellow and light blue, respectively. (b) Fraction of methane oxidized calcu-
lated from the Rayleigh model for closed systems (x; Liptay et al. (1998)) and our mass balance approach (circle; fox = MOx/TotalProd.).
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(Rgis) and net production/consumption (Pnet) in the SML using values from the full-scale mass balance.

MOx in Soppensee surface waters (Figs. la, 5). However,
almost negligible rates were observed towards the end of the
stratified season (Figs. 1b, 5), indicating that either the OMP
rates decreased, the MOx increased or both. The same tempo-
ral trend was also observed by Liu et al. (2024), Ordoniez et al.
(2023) and Giinthel et al. (2019). The §'3Ccy, signature sug-
gests that MOx likely dominated at the end of the stratified
season as the residual CH, pool became highly '*C-enriched,
which is a typical sign of MOx (Reeburgh 2007). Although the
mechanisms behind OMP and its impact on the §'3Ccy, sig-
nature of CHy pools are not clear, our mass balance results
suggest that MOx can dominate over OMP in the SML of
Soppensee during the latter part of the stratified period
(Figs. 2b, 4).

Effect of Ppet on 6'3Ccy, values in the SML

Enriched 513CCH4 in the SML at the end of the stratified sea-
son results from the 613CCH4 of the different sources, MOx
rates and its contribution to the CH4 budget (Fig. 2b). Except
for October 2016, total CH4 production rates tended to
decrease at the end of the summer, while no clear tendency
was found for MOx rates (Fig. 7a). Therefore, the decrease of
total production, which is dominated by OMP, and not an
increase of MOx rates (Fig. 7a) would explain the increase of
fox towards the end of the stratified season (Fig. 7b). While
these methods do not allow us to accurately determine OMP
and MOX rates given our assumptions, from a qualitative per-
spective these results suggest that OMP decreases when the
SML is exposed to lower average light conditions due to the
deeper SML, less daytime hours, and lower average solar angle
at the end of the stratified season. While a strong positive rela-
tionship between OMP and light intensities and duration have
been shown in marine phytoplankton (Klintzsch et al. 2020),
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to our knowledge, no studies have been conducted on fresh-
water phytoplankton.

Untangling MOx from Ppe rates to estimate OMP rates in
lake systems is challenging. Glass bottle incubations have
been used to estimate MOx and OMP rates (Bizi¢ et al. 2020;
Giinthel et al. 2020), but it is still unclear how representative
the results of these methods are for lake environments. An
alternative approach to estimate OMP and MOx rates is to
conduct an isotopic mass balance, using the isotopic signa-
tures of each CHy source in the SML and its measured fluxes.
Unfortunately, high uncertainties remain regarding the
813Ccp, values associated with OMP in freshwater systems
(Thottathil et al. 2022; Klintzsch et al. 2023). Here we found
negligible MOx rates in May and July 2018 based on the
Keeling plot (Fig. 6), but we were able to estimate that the
83Ccy, values associated with Py or OMP ranged
between — 49%o0 and — 53%o0. While these results are consis-
tent with recent findings (Thottathil et al. 2022; Klintzsch
et al. 2023), other studies have suggested less enriched values
for 6'3Ccy, associated to OMP (Bogard et al. 2014; Repeta
et al. 2016). Therefore, process-based experiments are needed
to better estimate §'*Ccy, and OMP and MOX rates at an eco-
system level.

Oxic methane contribution to diffusive emissions

OMP has been reported in several aquatic ecosystems, includ-
ing the ocean (Karl et al. 2008; Li et al. 2020), rivers (Alowaifeer
et al. 2023), high altitude (Perez-Coronel and Beman 2020) and
pre-alpine lakes (Ordoériez et al. 2023), as well as lakes in temper-
ate and arctic regions (DelSontro et al. 2018; Li et al. 2019). In
addition, OMP has been observed using different methodologies,
such as mesocosms (Bogard et al. 2014; Giinthel et al. 2019), in-
situ water incubations (Grossart et al. 2011; Bizi¢ et al. 2020;
Glinthel et al. 2020), mass balances (Donis et al. 2017;
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Gunthel et al. 2019) and lateral transport models (Ordoériez
et al. 2023). Despite growing evidence, the OMP contribution to
diffusive CH4 emissions from inland waters remains debated
(Glinthel et al. 2021; Peeters and Hofmann 2021). In our
study, Pnet Was the greatest contributor to diffusive CHy fluxes
to the atmosphere (F,), reaching up to~90% in May 2017
with an average value of ~ 65%. The temporal dynamics of the
Ppet contribution to diffusive emissions does not always follow
the same trends as Ppe rates. For example, in 2016, the Ppet
contribution to diffusive emissions was consistently around
~ 80%, while in 2017 the Pyt contribution decreased through-
out the stratified season (Fig. 8). Unfortunately, we do not
have enough data in 2018 and 2019 to investigate the tempo-
ral dynamics of Ppet contribution.

OMP key drivers and upscaling approach evaluation

Ordoériiez et al. (2023) proposed an upscaling approach relat-
ing Chl g, light climate (LC) and Secchi depth (SD) to the ratio
of Ppet and surface CHy4 concentration. We tested this relation-
ship using the monthly average data from Soppensee
(Supporting Information Fig. S27) and observed a positive but
lower correlation coefficient (R>=0.56) than Ordéiiez et al.
(2023). Nevertheless, this positive relationship between Chl
a concentrations, light conditions, and Ppet/Ccn, suggests that
photosynthesis plays a role in OMP, which is in agreement
with the recent finding that photoautotrophs can produce
CH, (Bizi¢ et al. 2020; Giinthel et al. 2020; Hartmann
et al. 2020; Klintzsch et al. 2020). Moreover, when we include
the data from Soppensee on Fig. 6 from Orddiiez et al. (2023),
a good correlation was observed (R* =0.83, Supporting Infor-
mation Fig. $28), implying that this approach could be poten-
tially useful as a first estimate of Ppet rates at a global scale. As
the current OMP dataset is still sparse, future studies should
be included to verify this trend on a larger scale.

Model comparison

The major advantage of the full-scale mass balance is that it
only depends on measured values for its boundary conditions
but assumes that these measurements are representative dur-
ing the residence time of CHy in the SML (~ 14 d). While the
full-scale mass balance does not consider horizontal disper-
sion, the good agreement with the lateral transport model
(Ppet,it; Fig. 4; Supporting Information Fig. S24) suggests that
advection or alterations in lateral transport parameterizations
would primarily affect the distribution of mass within the lake
and have minimal impact on P calculations. Moreover, con-
sistent agreement between modeled and measured concentra-
tions along transects supports the model’s reliability.

In general, we observed a good agreement between the full-
scale and the wind-based mass balance, except for May and
Oct 2016 and 2017 when Ppe: was lower than Ppeq s (Fig. 4).
This discrepancy is likely because kcp, estimated via the litera-
ture parameterization was lower than that estimated via cham-
ber on those days (Supporting Information Fig. S17). The
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chamber-based kcp, thus better reflects the local temporal
conditions rather than the temporal average value provided
by the literature parameterization (e.g., Oct 2016 data). How-
ever, this discrepancy also points out a limitation of the kg
literature parameterizations that neglects different phenom-
ena, such as diffusive flux enhancement (McGinnis
et al. 2015) by oxygen microbubbles (Melack and Kilham 1974;
Koschorreck et al. 2017) or buoyancy effects due to heating at
low wind speeds (MacIntyre et al. 2021). A good agreement
was found between the full-scale mass balance Ppe s and the
lateral transport model Ppe ;. This latter approach accounts
for the spatial variability of surface CH4 concentrations and
horizontal transport from littoral sediments using a constant
kcn,. Therefore, considering these spatial changes does not
have a great impact on Ppe¢ estimations.

Uncertainty assessment

Ppet rates were estimated using three methodologies: a full-
scale mass balance, a wind-based mass balance, and a lateral
transport model. Py distribution for each measuring time was
estimated using Monte Carlo simulations, which integrated all
the uncertainties from sources and sinks of CH,4 into Py esti-
mations. Although we observed high uncertainty in the Ppet
rate, except for May, September 2018 and August and October
2019, all the quartiles of Pyt distribution were positive. There-
fore, the probability that an error in our measured sources and
sinks could cause a false positive P rate is low.

Alternative hypotheses for the missing CH, source

The contribution of hydrological inputs to the surface bud-
get of CHy was not considered in our analysis. Soppensee
experiences an annual outflow of approximately 0.03 m?s~!
through a small stream, with no specific inflow (Gruber
et al. 2000). Groundwater likely contributes to the entire lake
CH, budget; however, these water masses are generally charac-
terized as colder and saltier compared to surface water. There-
fore, we hypothesize that groundwater enters at the
hypolimnion and should not be a substantial source of CH4 to
the SML.

Density currents are advective processes that can transport
CHy produced in the sediment or accumulated in the littoral
zone and usually occur sporadically in autumn during the ini-
tial surface cooling (Doda et al. 2024). This process was already
taken into account in the full-scale mass balance as our
approach assumes that all the CHy4 produced in the littoral
sediment is transported to the center of the lake and that the
SML is well mixed laterally. Moreover, the good agreement
between Ppe: estimated from the lateral transport model and
the full-scale mass balance suggests that horizontal dispersion
is a reliable method for estimating lateral transport. For this
reason, density currents do not need to be explicitly included
in our analysis.

The other major input that can affect Pp; estimations is F;.
In this study, we used a constant value for F; for all 4 yrs that
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was the average from using three different methods on core
data from six locations in the SML over 2016, 2017 and 2019
(Table 2; Supporting Information Fig. S3). Our resulting value
(1.56+1.19 mmol m 2 d ') was well within the range of those
reported in the literature (0.001-8.8 mmolm 2 d~!, Huttunen
et al. 2006; Bastviken et al. 2008; Peeters et al. 2019; Ordoiiez
et al. 2023). Using six different locations to estimate F in the
SML provided a good representation of the average littoral sed-
iment in Soppensee. In addition, three methods were used to
estimate the average flux, minimizing the bias related with
each method. For example, bubbles can be included when tak-
ing the sediment sample in the cut-syringe method or the
influence of surrounding sediments in the Rizhons methods
(Seeberg-Elverfeldt et al. 2005). F can also vary by the increase
of CHy4 production in the sediment with increasing tempera-
ture (Nozhevnikova et al. 1997). However, our core measure-
ments were conducted mostly in July and August when the
highest water temperatures were measured, and thus the
highest CH4 production rate in littoral sediment would be
expected. While this means that our Fs values were in the
upper range of what is expected, this translates into our Ppet
estimates being conservative, as F; is another source of CHy to
the SML (Egs. 1 and 3).

As Fs has been shown to be influential on P, estimations
and a source of debate regarding OMP (Donis et al. 2017;
Peeters et al. 2019; Gunthel et al. 2021; Peeters and Hof-
mann 2021), we used the full-scale mass balance (Ppetfs) to
investigate the impact of F; on our Ppe estimations in
Soppensee. If we assume that OMP is negligible (i.e. Ppet =0),
we would need up to 20 times higher sediment fluxes to
account for the measured diffusive CH4 flux to the atmo-
sphere (Fig. 9). This means that F; would have to approach
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Fig. 9. Monthly average of the proportion of littoral sediment needed
(F;) to compensate the surface diffusive emissions compared to measured
littoral sediment flux (Fs) considering no Pnet in the surface mixed layer.
The boxes show the first and third quartiles with the median (line), whis-
kers extend to most extreme data points within 1.5 times the interquartile
range from the box. The white dot represents the average of the distribu-
tions. For better visualization the violin plots were filtered to show the
data between two times the interquartile range. The non-filtered data are
shown in Supporting Information Fig. S29.
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Fi=~30mmolm 2d~!, which exceeds the highest wvalue

reported for littoral sediment CHy fluxes by a factor of 3-4
(Peeters et al. 2019). We therefore conclude that the diffusive
CHy flux from littoral sediment alone cannot account for the
diffusive CHy flux to the atmosphere and that OMP needs to
be included in the CH4 budget of Soppensee.

Conclusions

Substantial evidence has been gathered over the past
decade suggesting that OMP is a process that occurs in a vari-
ety of aquatic environments. However, Ppe rates have only
been reported in a few lakes and in a short timescale. This
study is the first to demonstrate that Ppe (i.e., the balance
between OMP and MOx) consistently dominants as a contrib-
utor to diffusive CH4 emissions over multiple years, and sup-
ports the dominance of OMP observed in other systems
during a single season or year (Donis et al. 2017; Giinthel
et al. 2019; Thottathil et al. 2022; Ordoniez et al. 2023). Our
dataset also highlights the tendency of Ppe rates to start high
in the spring and decrease to nearly negligible rates by the
end of the stratified season, possibly due to the decrease of
OMP rather than MOx. This dynamic appears to be more com-
mon in eutrophic systems than in oligotrophic ones (Ordériez
et al. 2023). Therefore, to understand the variability of diffu-
sive CH4 emissions from lakes, it is imperative that we are able
to resolve OMP dynamics and its interaction with biochemical
processes occurring within the lake.

Finally, our study also reveals that photoautotrophs and
light conditions may significantly influence CH4 production
in oxygenated waters and that the upscaling method proposed
originally by Ordoéniez et al. (2023) could be used as a first esti-
mation of P for different lake environments. This estima-
tion is thus useful as a first step in determining the potential
for Ppet in any system to contribute to surface CHy emissions,
which is important seeing as freshwater systems are responsi-
ble for about ~ 20-40% of natural CH4 emissions (Rosentreter
et al. 2021; Saunois et al. 2024). As OMP is a CH4 source near
the air-water interface and associated with photoautotrophs,
better understanding of the mechanisms, rates, and drivers of
OMP from various aquatic systems is required to accurately
predict future aquatic CHy4 emissions in the face of global cli-
mate change and other confounding anthropogenic issues
such as eutrophication.
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