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Scientific Significance Statement

Methane is emitted from lakes in globally significant amounts. In temperate stratified lakes, substantial amounts of dissolved
methane can accumulate in the hypolimnion and reach the surface through vertical mixing during lake overturn. The effec-
tiveness of methanotrophic bacteria in oxidizing methane before it can escape to the atmosphere is an ongoing controversy.
With this study, we identify the key processes that control the efficiency and robustness of the microbial methane conversion
process. We present evidence for efficient and robust methane oxidation under a large range of mixing regimes in a seasonally
stratified lake. In the context of climate change, our results suggest that changes in the frequency of exceptional storm events
may be more important for methane emissions from temperate lakes than gradual warming.

Abstract

Many seasonally stratified lakes accumulate substantial amounts of the greenhouse gas methane in the anoxic
zone. Methane oxidizing bacteria in the water column act as a converter, oxidizing methane into carbon diox-
ide and biomass before it reaches the atmosphere. Current observations and estimates of this methane oxida-
tion efficiency are diverging, especially for the lake overturn period. Here, we combine a model of turbulent
mixing, gas exchange, and microbial growth with a comprehensive data set for autumn mixing to quantify the
relevant physical and microbial processes for a 16 m deep, wind-sheltered Swiss lake. Scenario analysis suggests
that the methane converter is efficient and robust under a large range of mixing velocities and only rare events
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of pronounced surface cooling can trigger substantial outgassing. This case study combines in situ observation
and a deterministic physically based model and suggests that the frequency of storms may strongly impact

methane emissions for similar temperate lakes.

Lakes and reservoirs are increasingly recognized as sig-
nificant players in the global carbon cycle because they store,
convert, and release substantial amounts of greenhouse gases
(Tranvik et al. 2018). According to recent estimates, lacustrine
methane emissions are responsible for about 75% of the cli-
mate impact of lacustrine systems (DelSontro et al. 2018)
showing an increasing trend (Beaulieu et al. 2019). In lakes,
most methane is produced in the anaerobic sediment
(Bastviken et al. 2008) and ultimately either released to the
atmosphere or oxidized by aerobic methane oxidizing bacteria
(MOB), which use methane as their sole carbon and energy
source (Hanson and Hanson 1996). In addition to the diffu-
sive transport of methane to the atmosphere, ebullition of
methane is an important pathway and responsible for the
majority of methane emissions in certain systems (DelSontro
et al. 2011; Schmid et al. 2017). Here, we focus on the fate of
dissolved methane during lake overturn and provide evidence
that this microbial methane converter is efficient and robust
even at high rates of vertical mixing thereby preventing a
major fraction of dissolved methane from outgassing.

This microbial methane sink has important implications
for lakes with seasonal thermal stratification that accumulate
large amounts of dissolved methane in the anoxic hypolim-
nion, hereafter referred to as “stored methane.” During stratifi-
cation, MOB at the oxic-anoxic interface form an effective
barrier against diffusive methane outgassing, which is only
bypassed by ebullition, that is, methane bubbles released from
the sediment (DelSontro et al. 2011). In contrast, strong verti-
cal mixing during the autumn overturn may lead to a rapid
transport of stored methane to the surface. So far, estimates of
global methane emissions from lakes have therefore assumed
that most of this stored methane is ultimately released to the
atmosphere (Bastviken et al. 2004). However, the supply of
methane to the oxygen-rich surface water creates favorable
conditions for the growth of aerobic MOB (Mayr et al. 2020a).
If the MOB community grows fast enough, it could signifi-
cantly reduce the emission of stored methane even during
lake overturn.

Published field measurements of the percentage of stored
methane that is oxidized range from 54% to 94% (Utsumi
et al. 1998; Kankaala et al. 2007; Schubert et al. 2012;
Encinas Fernandez et al. 2014). These studies focused either
on time-resolved flux measurements (Utsumi et al. 1998;
Bastviken et al. 2004) or on microbial rate observations
(Kankaala et al. 2007; Schubert et al. 2012). Here, we closely
integrate the two approaches in a comprehensive field cam-
paign on Rotsee, a small, 16-m deep, wind-sheltered lake
located in central Switzerland, in order to improve our
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understanding of the underlying processes during lake over-
turn. Compared to quasi steady-state models for methane
oxidation (Thottathil et al. 2019), we focus our effort on
the dynamics of the lake turnover with its high potential
for methane release.

Based on data from the field campaign, we developed
and validated a dynamic model of turbulent mixing, meth-
ane transport, gas exchange, and Monod-type MOB growth.
We then quantified the efficiency of the methane converter
and tested the robustness of this efficiency for different
wind and convective mixing regimes during the autumn
overturn.

Methods

Field measurements

We determined the fate (storage, emission into the atmo-
sphere, microbial oxidation) of methane stored in the hypo-
limnion during seven field campaigns over the course of the
autumn overturn from October to December 2016 in Lake
Rotsee, Switzerland. Study site details and measurement
methods are given in the Supporting Information. We
recorded the state of stratification by measurements of water
temperature with a temporal resolution of 5 s and a spatial
resolution of 1 m (RBRconcerto T24 thermistor string, RBR).
We measured methane concentrations in the water column
and in two duplicate sediment cores using the headspace
equilibration method by gas chromatography (Agilent 6890N,
USA). We determined MOB cell numbers using catalyzed
reporter deposition fluorescence in situ hybridization (CARD-
FISH) and epifluorescence microscopy and converted the cell
numbers to biomass using an average cellular carbon content
of 0.42 pg cell ™! based on literature values (Posch et al. 2001;
Romanova and Sazhin 2010; Oswald et al. 2015). We quanti-
fied methane emissions with eddy-covariance flux measure-
ments as described in Sollberger et al. (2017) and Eugster and
Pliss (2010).

Methane budget

We calculated the methane budget neglecting potential
horizontal variability. Total amounts of methane and biomass
in the water column were calculated as volume integrated
mass of carbon. Methane emissions were extrapolated to the
whole lake surface area and are given as cumulative amounts
of carbon. We used the standard deviation (SD) when the vari-
ability was of interest and the standard error of the mean
(SEM) or the 95% confidence interval (CI) when the uncer-
tainty of the mean was of interest. The error values provided
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in the results section are based on the standard deviation,
unless explicitly stated differently. Confidence intervals were
corrected for sample size using the t statistic.

Mechanistic model

We used a set of differential equations, describing the
most relevant physical, chemical, and biological processes,
to investigate the efficiency and robustness of microbial
methane oxidation during lake overturn. We approximated
the mixed layer as a single, homogeneously mixed box,
which gets larger as the thermocline deepens. The system
of ordinary differential equations describing the temporal
evolution of the mixed layer depth, temperature, methane
concentration, and MOB biomass is described in the
Supporting Information. We parameterized the deepening
of the mixed layer as a function of convective and wind-
driven forcing (Driedonks 1982; Batchvarova and
Gryning 1991). We calculated the flux of methane into the
mixed box based on the simulated speed of thermocline
deepening and the profile of maximum methane concentra-
tion in the hypolimnion (Supplementary Fig. S2). We calcu-
lated methane emissions with the boundary layer model of
Liss and Slater (1974) that has already been successfully
used for Lake Rotsee (Schubert et al. 2012) and we applied
the surface-renewal model (Lorke and Peeters 2006) to
account for the contribution of wind and convection to the
transfer velocities. In the mixed layer, we assumed that
methane is the limiting nutrient and we formulate the
growth rate of MOB with a Monod-type methane oxidation
kinetics, the most commonly used growth model for
suspended microbial cells (Kovdrova-Kovar and Egli 1998).
We use the carbon conversion efficiency (CCE) to deter-
mine how much of the oxidized methane contributes to
growth of MOB biomass. We obtained the kinetic parame-
ters by calibration with the measured biomass development
(Supplementary Table S1).

The biogeochemical model starts with initial tempera-
ture and methane profiles and uses meteorological data
(wind speed, air-temperature, incoming longwave radia-
tion, global radiation, and humidity) to calculate the deep-
ening of the thermocline and the exchange of methane
with the atmosphere.

Scenario analysis

Because Lake Rotsee is wind-sheltered, we explored the
effect of various wind regimes on methane emissions by a
model scenario analysis. We set wind speeds to a constant
level for 12 h or 3 d. Each scenario consisted of a single wind-
event that started at a specified mixed-layer depth. To avoid
artifacts from other meteorological conditions during the
wind-event, we neglected the heat balance during this period
and calculated the forced convection based on an empirical
regression between the friction velocity and the buoyancy
flux at the surface (Supplementary Fig. S4).
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Results and discussion

Fate of methane during the autumn overturn

We determined the fate of methane in a small temperate
lake during the autumn overturn (Fig. 1). From October to
December 2016, only 9% of the stored methane that was
transported to the surface was emitted to the atmosphere.
Methane emissions determined by eddy covariance flux mea-
surement were on average 0.26 ug CHy m 2 s~! and summed
to a total of 0.36 Mg C for the whole lake (Fig. 1a). During this
period, cooling of the surface water as well as wind (Fig. 1a)
increased the mixed-layer depth from 7.6 to 13 m (Fig. 1b).
This physical process gradually depleted the methane pool in
the hypolimnion and transferred a total of 4.2 Mg C of meth-
ane to the mixed layer. After subtraction of the emissions, the
remaining 3.8 Mg C either were oxidized by MOB or remained
in the mixed layer. However, we only measured mixed layer
methane concentrations of 0.5 + 0.4 yuM or a maximum total
methane inventory of 0.039 + 0.026 Mg C, suggesting that
MOB oxidized about 91% of the stored methane. In parallel,
MOB cell numbers in the mixed layer increased from ~2 x 10*
cell mL™" to 3 x 10° cell mL™" (Fig. 1c), which corresponds to
a cumulative biomass increase by a factor of factor 14, from
0.047 to 0.67 Mg C. Despite this rapid growth, the 0.62 Mg C
of newly formed biomass represented a small fraction of the
3.8 Mg C that were supplied to the mixed layer, suggesting a
net CCE of MOB of only 0.16. The calculated biomasses are a
conservative estimate because we neglect grazing (Devlin
et al. 2015). An additional uncertainty of about 40% comes
from the range of reported cellular cartbon contents (0.26-
0.57 pg cell!). We limit the effect of uncertain biomass esti-
mates by calibrating the CCE in the model, where our emis-
sion measurements serve as an additional boundary
condition. With the increase of MOB biomass, we observed a
change not only in the community composition but also in
the dominant kinetic traits of the MOB assemblage (Mayr
et al. 2020a,b).

Modeling the key processes

Based on these field observations, we validated a numerical
model of the key processes (Fig. 2) that determine the fate of
stored methane and control the efficiency and robustness
of the microbial methane converter during the autumn over-
turn. Despite its simplicity, the turbulent mixing model
reproduced the evolution of the measured mixed-layer depth
(Fig. 2a) with a root mean square error (RMSE) of only 0.27 m.
The modeled flux of stored methane to the mixed layer was in
good agreement with the measurements (Fig. 2b). The
Monod-type growth model reproduced the evolution of MOB
biomass to a maximum of 0.68 Mg C with a RMSE of
0.061 Mg C (Fig. 2c). The consideration of microbial growth
makes a substantial difference to models that assume a first
order rate constant because the growing microbial biomass
results in an increasing methane oxidation rate. Recent stud-
ies showed that MOB abundance and methane oxidation rates
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Fig 1. Field observations during the overturn period 2016 in Lake Rotsee. The horizontal time axis for all panels is plotted on top. Major ticks indicate
the start of the month and minor ticks refer to the dates. (a) The daily average surface water temperature is plotted as a proxy for the progressing cooling
during the overturn period. Wind speeds from the closest automated weather station (www.meteoswiss.ch) are plotted as hourly averages and were
corrected for Lake Rotsee (Supplementary Fig. S1). Methane emissions are plotted as Gaussian filtered flux of the measured 30 min average fluxes. (b)
Methane concentrations in the water column are plotted as a heatmap interpolated from individual measurements that are indicated by gray dots. Meth-
ane concentrations in the mixed layer were 0.5 + 0.4 uM but reached up to 3.7 mM at the sediment-water interface (Supplementary Fig. S2), which cor-
responds to a partial pressure of about 65% at this depth. The depth of the thermocline was interpolated from the continuous thermistor string data and
was verified by individual CTD profiles. (€) Cell numbers of MOB are plotted as a heatmap interpolated from individual measurements that are indicated
by gray dots. On 12 December, the low cell number at 10 m might be a measurement error because the temperature profiles indicate complete mixing

to12.5 m.

negatively correlated with oxygen concentration during the
stratified period (Thottathil et al. 2019; Reis et al. 2020). The
expected impact of oxygen-inhibition remains poorly con-
strained and may in addition vary among different MOB
assemblages, which were highly dynamic during the mixing
period (Mayr et al. 2020a). Oxygen concentrations in the
mixed layer varied in a limited range (175-412 uM; Mayr
et al. 2020a) compared to the gradients of stratified lakes
where this phenomenon has been observed and were always
several orders of magnitude higher than methane (<0.05-
1.1 uM), so oxygen limitation is likewise not relevant. Any
inhibition is therefore probably relatively constant and inte-
grated into the fitted parameters. In the context of this study,
we therefore refrained from explicitly implementing oxygen
inhibition in the model. The good fit of the model supports
the validity of the approach.

The box model approach also neglected a potential gradual
crossover of methane and oxygen within the thermocline.
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However, the biomass profiles did not give any indication that
such a transition zone was of particular importance for meth-
ane oxidation during the overturn period (Fig. 1c).

The ratio of modeled methane emission to the total trans-
port of stored methane to the mixed layer suggests that about
98% of this methane was oxidized by MOB. The measured
cumulative methane flux to the atmosphere was about three
times larger than the modeled flux (Fig. 2d). Since the model
only accounts for atmospheric emissions from diffusive flux,
this discrepancy likely stems from the contribution of meth-
ane ebullition to the emissions during the overturn. That
ebullition is a major pathway during the autumn overturn in
Lake Rotsee was shown in a study by Schubert et al. (2012)
who estimated cumulative contributions of ebullition to total
emissions between 88% and 97%. A similar study (Vachon
et al. 2019) in a nearby, similarly small wind-sheltered lake
(Soppensee located 17 km from Rotsee) reported a mean sedi-
ment ebullition rate of 1.4 mmol m~* d~'. Taking this value
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Fig 2. Model combining the key processes that determine the fate of stored methane during the autumn overturn. (a) The deepening of the thermo-
cline was modeled using a turbulent mixing model that considers wind-driven and thermal convection. Modeled and measured depth of the thermocline
fit very well. The inset shows the histogram of the dissipation rate of convective and wind-driven turbulent kinetic energy at the mixed-layer depth over
the simulation period. (b) Modeled and measured cumulative amount of stored methane transported to the mixed layer. (¢) Modeled and measured
MOB biomass. The error bars for the measured biomasses represent 95% confidence intervals for the biomass, based on the uncertainty in the cellular
carbon content. (d) Modeled and measured cumulative emissions of methane to the atmosphere. Emissions measured by eddy covariance also include

ebullition, whereas the model does not include this emission pathway.

and assuming 30% re-dissolution (Vachon et al. 2019) over
the mean lake depth for Rotsee, that is, 8.7 m, we obtained a
cumulative methane emission via ebullition over the studied
period of ~ 0.2 Mg C and a total emission of 0.37 Mg C which
is remarkably close to the observations (Fig. 2d).

Even though the model does not take into account the
observed diversity of the MOB community (Mayr et al. 2020a),
the fitted bulk kinetic parameter are comparable with expected
properties for the methane-limiting conditions in the mixed
layer. The half saturation constant for methane oxidation
(Km,ch,) of 1.7 uM is in the lower range of published values
(1 and 10 uM) (Hanson and Hanson 1996; Knief and
Dunfield 2005). It is known that the affinity for methane can
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even be in the nM range for growth under atmospheric meth-
ane concentrations (Dunfield and Conrad 2000; Baani and
Liesack 2008). The fitted half saturation in the lower yM range
therefore reflects an adaptation to the low methane concen-
trations in the mixed layer. The best fit estimate for the CCE
of the Monod-type growth model (y) is 0.13 which is in good
agreement with the 0.16 estimated from the measurements.
Published values for the CCE of MOB vary widely from 0.19
to 0.7 and likely also depend on growth conditions (Leak and
Dalton 1986a,b). The low CCE may partly result from the
uncertainty of our biomass estimate but might also reflect the
methane-limited conditions, where maintenance energy
accounts for a higher proportion of methane oxidation. That



Zimmermann et al.

a high respiratory demand decreases the growth efficiency has
been shown for various bacteria in lakes (Smith et al. 2009).
According to the growth model, the MOB community grew
on average at only 26 + 19% of the maximum growth rate. In
addition, the potentially higher metabolic costs of the ele-
vated methane affinity required to thrive at low concentra-
tions might also have reduced the CCE (Knief and
Dunfield 2005). The best fit estimate for the maximum spe-
cific methane oxidation rate (%) is 1.2 d~' and lies well
within the range of specific methane oxidation rates of 0.08-
2.3 d"! calculated based on measured methane oxidation rates
in Mayr et al. (2020a). Combined with the CCE, the maxi-
mum specific methane oxidation rate translates to a
maximum growth rate of 0.16 d~* or a doubling time of ~4 d.
Doubling times reported for pure cultures are typically in the
range of a few hours (Joergensen and Degn 1987; Knief and
Dunfield 2005; Baani and Liesack 2008), but these values rep-
resent growth under optimal or near-optimal conditions. Dou-
bling times in environmental settings are likely to be longer
and reported values for freshwater samples are in the range of
2-3 d (Milucka et al. 2015; Oswald et al. 2015, 2016).

Robustness of the microbial methane converter

The velocity of thermocline deepening and the piston
velocity of gas exchange with the atmosphere are
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important factors influencing the efficiency of the micro-
bial methane converter (i.e., the amount of stored methane
that is oxidized by MOB before it escapes to the atmo-
sphere). During the autumn overturn in Lake Rotsee, wind
and thermal convection played different roles in this
respect. Our model calculations show that wind contrib-
uted 77 £+ 13% to the gas transfer coefficient and that wind
was therefore the main driver for the transport of methane
from the surface water to the atmosphere. In contrast, wind
on average contributed only 5% to the dissipation rate of
turbulent kinetic energy at the mixed-layer depth (Fig. 2a,
inset). In addition, the Monin-Obukhov length scale,
which indicates the depth where wind and convection
have equal strength, was smaller than the mixed layer
depth (Supplementary Fig. S5) for most of the time. Ther-
mal convection was therefore the dominant driver for the
deepening of the thermocline and thus for the supply of
stored methane to the mixed layer.

Model simulations of the autumn overturn in Lake Rotsee
based on meteorological data from 1990 to 2016 showed that
this convective regime dominated throughout those years.
The annual variability of stored methane that is oxidized by
MOB stayed in a narrow range of 95-98%. Vachon
et al. (2019) suggested a correlation between the proportion of
stored methane emitted during fall lake overturn and the
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Fig 3. Robustness of the microbial methane converter. (a) Typical methane fluxes to the mixed layer for the convective regime (gray lines to panel b
indicate the convective regime in the scenario analysis). The methane fluxes were normalized to the minimum nonzero flux and are plotted per cross-
section area at the mixed layer interface and per volume of the mixed layer. The flux of stored methane per volume can be compared to the methane
oxidation capacity, the maximum rate of methane oxidation of the MOB biomass. (b) Scenario analysis for events of elevated wind speeds. The two sur-
faces represent the fraction of stored methane that is emitted at the end of the overturn period if a 3-d or a 0.5-d wind-event is artificially generated dur-
ing the overturn period at given wind speeds and mixed layer depths. The two surfaces are colored according to whether wind or convection was the
dominant driver for the thermocline deepening. Wind-events started at different mixed-layer depths and consisted of constant wind speeds for the whole
duration of the event. Lines A, B, and C highlight specific situations discussed in the text. Line A: Convective regime for wind speeds up to 5.6 m s™'. Line
B: Rapid wind-driven mixing for gale-force wind speeds of 20 m s~'. Line C: Fraction of methane emitted to the atmosphere, when a wind-event occurs
and the mixed layer has a depth of 8 m.
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speed of thermocline deepening. Following the same
approach, we obtained an average vertical mixing speed of
0.08 m d™' and a proportion of methane emitted of only 7%
confirming a high fraction of oxidized methane.

The fraction of oxidized methane was consistently high.
This was a result of the convective mixing regime, with a
gradual deepening of the thermocline that kept methane
fluxes well below the methane oxidation capacity (Fig. 3a).
The average of the daily maximum methane fluxes to the
mixed layer never exceeded 27% of the methane oxidation
capacity even when deeper water layers with higher methane
concentrations were involved. This robustness of the
methane converter during the overturn is due to two effects.
First, the increasing flux of stored methane to the mixed layer
was diluted in an ever-larger volume of the mixed layer. The
dilution was three times larger at the end of the overturn com-
pared to the initial situation. Second, the supply of methane
increased the MOB biomass and thus methane oxidation
capacity.

We used a scenario analysis to explore the extent to which
the robustness of the microbial methane converter depends
on the velocity of thermocline deepening. Because Lake
Rotsee is wind-sheltered, we specifically focused on the effect
of higher wind speeds (Fig. 3b). The scenario analysis revealed
three important patterns. First, the fraction of stored methane
that is emitted to the atmosphere by the end of the overturn
period is negligible for wind speeds of up to about 5.6 ms™!
(Fig. 3b, line A). For these wind speeds (moderate breeze on
the Beaufort scale), convection still dominates the deepening
of the thermocline. Second, for a 12-h wind-event, the frac-
tion of emitted methane stayed below 20% even for gale-force
wind speeds of up to 20 ms~ ' (Fig. 3b, line B). To increase
this fraction to 60%, 3 d of consecutive wind speeds of
20 m s~ ! were necessary. Third, the timing of the wind-event
matters. The fraction of emitted methane was highest when
the wind-event occurred at intermediate mixed-layer depths
(Fig. 3b, line C) but was significantly lower if it occurred at
the beginning or the end of the overturn period. At the begin-
ning of the overturn, the methane concentrations just below
the mixed-layer are low and therefore the potential emissions
are low as well. At the end of the overturn period, dilution
and the increased MOB biomass keep the emissions low,
despite the high methane concentrations.

Conclusions

Our model simulation and scenario analysis suggest that
microbial oxidation of stored methane during lake overturn is
robust and efficient under a large range of mixing regimes in
the studied lake. While our study was conducted on a single
wind-sheltered lake, this conclusion is in line with a number
of other field observations indicating high proportions of
stored methane being oxidized during overturn (Utsumi
et al. 1998; Kankaala et al. 2007; Schubert et al. 2012; Encinas
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Fernandez et al. 2014; Vachon et al. 2019). Therefore, global
estimates of methane emissions from lakes might indicate
upper limits, because they generally assume that all of this
methane is emitted to the atmosphere (Bastviken et al. 2004,
2008). Further validation of the robustness and efficiency of
the methane oxidation during overturn on a larger set of lakes
will be crucial to improve these estimates. We assume that sit-
uations similar to Rotsee are present in a significant propor-
tion of lakes globally (Mayr et al. 2020a). More rapid
thermocline deepening could well limit the ability of the
MOB biomass to respond and thus limit the amount of meth-
ane oxidized during overturn in some lakes under specific
conditions (Vachon et al. 2019). Convective processes are usu-
ally the dominant drivers for mixing and stratification because
the wind transfer of energy is limited by the reduced fetch,
while surface cooling is independent of lake size. Convective
forces are therefore increasingly recognized as important
drivers for various biogeochemical processes in inland waters
(Bouffard and Wiiest 2019).

Based on our analysis, we expect that future emissions of
stored methane from stratified temperate lakes remain low.
Climate change will increasingly strengthen lake stratification
and make partial mixing more common (Woolway and
Merchant 2019). Even though more extensive anoxic condi-
tions will allow more methane to accumulate, the slower
mixing process resulting from strong stratification in turn
facilitates its oxidation. In contrast, we expect that the relative
importance of ebullition increases, as prolonged hypoxia
increases the sediment methane concentration. According to
our scenario analysis, elevated emissions of stored methane
during autumn overturn are linked to exceptional meteorolog-
ical events with persistently strong wind for several days or a
combination of rapid cooling with strong winds. Estimates of
the frequency of extreme wind and cooling events during
the autumn overturn might therefore be particularly impor-
tant to estimate current and future emissions of stored meth-
ane, since such events could have larger effects than the
average warming trend itself (Woolway et al. 2019).
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