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• CH4 and CO2 cycles were characterized in
a lake of maritime Antarctica.

• An influx of CO2 and a low CH4 efflux
were observed during the ice-free season.

• During the ice-season both CH4 and CO2

accumulated in the water column.
• Overall, the studied lake act as a sink of
greenhouse gases.

• Similar behavior was observed in 10 other
aquatic ecosystems of the region.
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Freshwater ecosystems are important contributors to the global greenhouse gas budget and a comprehensive assess-
ment of their role in the context of global warming is essential. Despite many reports on freshwater ecosystems, rela-
tively little attention has been given so far to those located in the southern hemisphere and our current knowledge is
particularly poor regarding the methane cycle in non-perennially glaciated lakes of the maritime Antarctica. We con-
ducted a high-resolution study of the methane and carbon dioxide cycle in a lake of the Fildes Peninsula, King George
Island (Lat. 62°S), and a succinct characterization of 10 additional lakes and ponds of the region. The study, done dur-
ing the ice-free and the ice-seasons, included methane and carbon dioxide exchanges with the atmosphere (both from
water and surrounding soils) and the dissolved concentration of these two gases throughout the water column. This
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characterization was complemented with an ex-situ analysis of the microbial activities involved in the methane cycle,
including methanotrophic and methanogenic activities as well as the methane-related marker gene abundance, in
water, sediments and surrounding soils. The results showed that, over an annual cycle, the freshwater ecosystems of
the region are dominantly autotrophic and that, despite low but omnipresent atmospheric methane emissions, they
act as greenhouse gas sinks.
1. Introduction

Freshwater ecosystems cover only about 3.7 % of the Earth's non-
glaciated land surface (Verpoorter et al., 2014), but they represent a major
methane (CH4) and carbon dioxide (CO2) source, with an estimated global
emission of 1.25–2.30 Pg of CO2-equivalents annually, of which CH4 and
CO2 contribute to 71.8–77.8 % and 19.6–26.1 %, respectively (DelSontro
et al., 2018). CH4 emissions from freshwater ecosystems are the result of
twomain opposing processes; the anaerobic CH4 synthesis (methanogenesis)
and the aerobic/anaerobic oxidation of CH4 (methanotrophy; Borrel et al.,
2011). On its turn, CO2 is produced under both aerobic and anaerobic respi-
ration or transported from terrestrial sources (Engel et al., 2018), while it is
consumed by CO2 fixation. CH4 and CO2 emissions from freshwater ecosys-
tems have been well described in the literature but most of the numerous re-
ports are on ecosystems located in northern latitudes. For example, the
syntheses by Bastviken et al. (2011) and Saunois et al. (2020), both focusing
on CH4, do not report data emissions from aquatic ecosystems at latitudes
below 24°S, while, for CO2, data are scarce below 47°S and without any up-
date over the last 10 years (Raymond et al., 2013). The latter brings out the
need for a better constrain of CH4 and CO2 cycling in southern lakes, to im-
prove the upscaling of global greenhouse gas inventories (Deemer and
Holgerson, 2021; Engel et al., 2018).

Lakes in the Antarctic are often subglacial, i.e. perennially ice-covered,
and so far about 400 of these have been discovered (Ashmore and
Bingham, 2014). In these sealed ecosystems, theCH4 cycle is active, including
methanogenesis (Wand et al., 2006) and oxic CH4 production (Li et al., 2020),
but without any notable exchange with the atmosphere. However, not all
Antarctic lakes are subglacial. At the edge of the Antarctic continent, as
well as in the peninsula and in the islands surrounding it, i.e. maritime
Antarctica,many lakeswith a short annual ice-free period, can be found. Con-
trary to lakes located at other southern latitudes or continental lakes located
at similar latitudes in the northern hemisphere, non-perennially glaciated
lakes of Antarctica and their surroundings present several characteristics
that, all together, make them unique. Indeed, maritime Antarctic lakes are
subject to year-long cold and relatively dry oceanic climate with short mild
summers, i.e. cold maritime (Bañón et al., 2013; López-Martínez et al.,
2012), and the landscape is characterized by absent or sporadic vegetation,
made up of mosses and lichens, resulting in low soil organic content
(Burkins et al., 2001; Burkins et al., 2000). Additionally, the water inflow
to lakes is mostly limited to precipitations and melted water of snow or gla-
ciers, during the brief mild summer. Thus, these lakes are totally isolated
from the atmosphere for 9–11 months per year and have limited exchanges
of organic matter with the surrounding environment during the short ice-
free period.

The determination of CH4 cycling in these lakes is of major relevance,
not only tofill a knowledge gap but also to contribute establishing the base-
line of what is the CH4 cycle in pristine lakes with low carbon inputs and
subject to yearlong cold weather, which are conditions unfavorable to
CH4 production (Beaulieu and Downing, 2019; Martinez-Cruz et al.,
2015; Yvon-Durocher et al., 2014).

The determination of CH4 cycling in these lakes is of major relevance, not
only tofill a knowledge gap, but also to contribute establishing the baseline of
what is the CH4 cycle in lakes with low carbon inputs and subject to yearlong
coldweather, which are not optimal conditions for CH4 production (Beaulieu
and Downing, 2019;Martinez-Cruz et al., 2015; Yvon-Durocher et al., 2014).
Nevertheless, psychrophilic and/or psychrotolerant methanogens have been
reported in permanently cold Antarctic environments (Aguilar-Muñoz et al.,
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2022; Cavicchioli, 2006). Moreover, in the context of climate change, with
longer ice-free periods, increased surface temperature and water level
(Woolway et al., 2020), and larger ice-free areas in Antarctica (Garbe et al.,
2020), these lakes could gain importance and may convert to a standard fea-
ture of the future Antarctic landscape. The literature is scarce regarding CH4

cycling in non-perennially glaciated lakes of Antarctica and only fragmented
information is available. Ellis-Evans (1984), found dissolved CH4 in thewater
near the sediments, in four lakes of the Signy Island (Lat. 60°S). Sasaki et al.
(2010), and Sasaki et al. (2009) have found CH4 above atmospheric satura-
tion, during the ice-free period, as well as CH4 bubbles trapped in lake ice
during the ice-covered period in freshwater lakes of the Syowa Oasis (Lat.
69°S). Zhu et al. (2010) as well as Ding et al. (2013) have reported summer
greenhouse gas emissions from the littoral zone of several freshwater lakes
of the Millor peninsula, east Antarctica (Lat. 69°S). More recently, Roldán
et al. (2022) have studied the activity and diversity of aerobicmethanotrophs
in the sediments of the King George Island (Lat. 62°S).

The objective of the present work was to determine the greenhouse gas
balance and the dynamic of the CH4 and CO2 cycles in non-glacial lakes of
the maritime Antarctica, including a high-resolution study of a lake located
in the Fildes Peninsula (lake Kitiesh; Lat. 62°S), during the ice and the ice-
free seasons. Our study included the determination of (i) the dissolved
CH4 and CO2 concentration in thewater column togetherwith several phys-
icochemical parameters, (ii) the CH4 and CO2 exchanges with the atmo-
sphere, (iii) the methanotrophic and methanogenic activities in water and
sediments, and (iv) the CH4-related marker gene abundance in water and
sediments. In addition, the possible interactions between lake Kitiesh and
the surrounding soil environment were investigated. Indeed, the literature
indicates that the soil ecosystems surrounding lakesmay provide allochtho-
nous carbon inputs, that fuel methanogenesis and carbon mineralization in
lakes (Walter et al., 2006; Fuentes et al., 2013). Additionally, the literature
also suggests that lateral transport from the littoral zone might be a major
source of epilimnetic CH4 (Peeters et al., 2019). These interactions between
lakes and their surroundings have not been established in lakes from mari-
time Antarctica, characterized by absent or sporadic vegetation, made up of
mosses and lichens. Thus, to evaluate how active is the CH4 cycle in the sur-
rounding soils of the lake, these were characterized in term of CH4 and CO2

exchange with the atmosphere, methanotrophic and methanogenic activi-
ties and the CH4-related marker gene abundance. Lastly, to seek common
features of the CH4 and CO2 cycles and their microbial key players in
aquatic ecosystems of maritime Antarctica, a partial characterization was
also done in 10 additional lakes and ponds of the Fildes Peninsula. This par-
tial characterization included physicochemical characterization, CH4 and
CO2 fluxes and dissolved concentration, and microbial gene abundance,
during the ice-free season.

2. Material and methods

2.1. Study sites and campaigns

A total of 11 aquatic ecosystemswere selected from the Fildes Peninsula
of the King George Island (Fig. 1, Table S1A), which were characterized
during twofield campaigns, at the end of the short summer (i.e. ice-free sea-
son) and at the end of the cold season, when all aquatic ecosystems were
covered by a thick ice-layer, i.e. ice-season. Among the selected ecosystems,
Lake Uruguay (L1), with an area of 7 ha and a maximum depth of 16.5 m
was partially characterized over the two seasons. Lake Kitiesh (L2) was se-
lected for a high-resolution study, over the two seasons. Lake Kitiesh,



Fig. 1. Lakes (L), ponds (P) and organic ponds (OP) location in the Fildes Peninsula and Ardley Island, south of King George Island. Green areas represent other water bodies
(not studied), stars represent scientific bases ( Uruguay, Russia, Chile, China).
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located at the center of the peninsula, is the largest lake of the region, with
an area of 9.4 ha and amaximum depth of 11.0 m. Four other lakes (L3-L6)
as well as three ponds (P1-P3), i.e. small and shallow water bodies, were
partially characterized during the ice-free season. Lastly, two ponds (OP1,
OP2) fully surrounded by moss, that we called “organic ponds”, were also
characterized during the ice-free period. Photographs of the selected
water bodies are shown on Fig. S1. Except organic ponds, all lakes were
surrounded by unsorted soil, composed of mineral and rock fragments as
well as volcanic ashes, with absent or scarce colonies of moss and lichens,
which is a common feature of the region (Lee et al., 2004). The first cam-
paign took place from February 17th toMarch 7th 2017 and all ecosystems
were ice-free, except OP2 in Ardley Island (with liquid water under a 2-cm
thick ice layer). That year, lake Kitiesh started to freeze by the beginning of
April, thus this campaign corresponded to the end of the ice-free season.
The second campaign took place from November 24th to December 12th,
2017. During that campaign, all lakes and ponds were covered by a thick
ice-layer, measuring 1.2 m at lake Uruguay and 1.3 m at lake Kitiesh. The
ice-cover at lake Kitiesh melted by mid-January, thus the second campaign
can be considered as corresponding to the end of the ice-season.

2.2. Physicochemical characterization

Water depthwasmeasuredwith a portable sounder (DepthmatePortable
Sounder, Speedtech, USA) and the location of each sampling/measurement
was determined with a global positioning system (eTrex 20, Garmin, USA).
Physicochemical parameters including temperature, pH, dissolved oxygen
(DO) concentration, conductivity, and total dissolved solids concentration
weremeasuredwith amulti-parametric probe (HI 9828, Hanna Instruments,
Mexico). These parameters were determined along one depth profile in L1
during the ice-season, along 6 depth profiles in L2 during the ice-season,
and along 9 depth profiles in L2 during the ice-free season (Fig. S2). In all
cases these profiles were determined from the surface to the sediments at
depth intervals of 1 m. Physicochemical parameters were also measured in
the other lakes and ponds at the littoral zone and during the ice-free season.

Surface water samples were taken at the center of the L2 and at the
littoral zone of the other ecosystemswith a 2.2− L VanDornwater sampler
(Wildco, USA). Nitrate (NO3

−), ammonium (NH4
+), nitrite (NO2

−), and
phosphate (PO4

3−) concentrations were measured in duplicate by ion
chromatography (ICS-3000, Dionex, Turkey), chlorophyll-a concentration
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(Chl-a) was determined in triplicate by spectrophotometry using the ace-
tone filter pigment extraction method according to ISO 10260 method
(ISO, 1992), while carbonate (CO3

2−) and bicarbonate (HCO3
−) concentra-

tions were measured in duplicate by titration method. Total Organic
Carbon (TOC) and total inorganic carbon (TIC) concentrations were deter-
mined in sediment samples, taken at the center of the L2 and at the littoral
zone of the other ecosystems. These were analyzed by a TOC/TIC analyzer
(TOC-LCPH/CPN, Shimadzu, Turkey). The organic matter content in soil and
sediment sampleswas determined by loss of ignition technique as described
in Lavergne et al. (2021).

2.3. Dissolved CH4 and CO2 concentration

The dissolved CH4 (CCH4) and CO2 (CCO2) concentration in the water
column of L1 and L2 during the ice-period were determined using a
membrane-integrated cavity output spectrometry method (M-ICOS,
Gonzalez-Valencia et al., 2014) coupled to a greenhouse gas analyzer
(UGGA, Los Gatos Research, CA, USA). This method allowed for the contin-
uous in situ measurement of dissolved gas at a frequency of 1 s−1, which
corresponded to approximately 60 CCH4 and CCO2 data per meter of the
water column (details provided in the Supporting Information). The
lower detection limit of the method under the present configuration was
80 ng L−1 for CCH4 and 180 μg L−1 for CCO2. During the ice-period, one
depth-profile was determined in triplicate at the center of L1, and, 6
depth profiles were determined in triplicates, along a longitudinal East-
West transect of L2, after drilling the ice layer with a 10 in. auger (Fig. S2).

During the ice-free season, in lake Kitiesh, where CCH4 was below the
detection limit of the M-ICOS method, as well as in the other lakes and
ponds, a discrete headspace equilibration (HE) technique was used,
which allowed to determine CCH4 with a detection limit of 10 ng L−1. In
all lakes/ponds except L2, discrete CCH4 was measured in triplicate water
samples collected at the surface from the littoral zone. In L2 discrete
samples were taken with a Van Dorn sampler, over 9 depth-profiles,
along a longitudinal East-West transect (Fig. S2), with 1 m-depth intervals.
Briefly, the HE method consisted in transferring the water content of the
Van Dorn sampler to 60 mL plastic syringes, ensuring the absence of air
bubble. Then, 20 mL of water was gently evacuated and substituted with
CH4- and CO2-free nitrogen (99.999 % N2, Linde Gas, Chile). The syringe
content was vigorously shaken for 30 s for equilibration, the liquid volume
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was evacuated, and a 5 mL subsample of the gas content of the syringe was
injected into a continuous flow of nitrogen connected to the UGGA in an
open circuit. The presence of CH4 and CO2 in the gas sample was detected
as a peak response, that was integrated, after proper calibration with stan-
dard CH4/CO2 samples. Lastly, CCH4 and CCO2 in the liquid sub-samples
were derived from Henry's solubility constant (NIST, 2020).

2.4. CH4 and CO2 emissions

CH4 and CO2 fluxes weremeasured from all lakes and from the surround-
ing soil of L2 during the ice-free season. In all cases, we used a floating cham-
ber method in which the chamber headspace was connected in a loop with
the UGGA. For water fluxes, the floating chamber, with an area in contact
with water of 0.096 m2 and a headspace volume of 7.8 L, was gently posi-
tioned on the surface of the lake. After 30 s, required to establish stability
in CH4/CO2 concentration readings, flux was measured over 3 min. For the
determination of fluxes from surrounding soils, a cylindrical PVC chamber
with a soil collar and removable PVC lid with airtight rubber seal was used.
This chamber, with an area in contact with the soil of 0.041 m2 and a head-
space volume of 12.3 L, was firmly pressed to the ground, and after 5 min,
the top of the chamber was closed, and flux measurement was conducted
for 5 min. In all cases, flux was determined from the linear slope of CH4

and CO2 concentration vs. time in the chamber headspace (Pirk et al.,
2016). In L2, water fluxes were determined in triplicates at 31 locations, cov-
ering the full lake surface and including the littoral area (Fig. S2). In the other
lakes and ponds, fluxes were measured in quintuplicate at one location from
the littoral zone, about 1 m from the shore. Around L2, triplicates flux mea-
surements from soils were done at 42 locations, divided in 14 transects of
three locations, i.e. at three distances from the shore; as close as possible
from the water (< 0.5 m), and at about 3 and 10 m, perpendicularly to the
shore (Fig. S2). To confirm the validity of our CH4 and CO2 flux measure-
ments at L2, we also combined surface water concentration andwind speeds,
to determine flux through the boundary layer method, according to the Kling
et al. (1992) method. With that purpose, we used windspeed provided by a
nearby station (700 m; Station 950,001, Dirección General De Aeronáutica
Civil, 2022).

2.5. CH4 production/oxidation activity in water, sediments and soils

During both seasons, respirometric assays were performed to determine
CH4 production/oxidation rates in water samples from L2. The method
used, described in detail in the Supporting Information, included water
sampling at the center of the lake (Fig. S2) along the water column depth,
with 2−m depth intervals, using a Van Dorn sampler. The water samples
taken at each depth were transferred to gas-tight glass syringes, and incu-
bated for 5 to 7 days, under dark conditions and at constant temperature.
At time intervals, sub-sample were taken and their CH4 concentration was
determined with a headspace equilibration method (described in detail in
the Supporting Information). This protocol allowed for the determination
of the CH4 production/oxidation rates without headspace addition, there-
fore under environmental conditions as close as possible to those prevailing
in the lake.

During the ice-free season, the methanogenic potential was determined
in surface sediments of L2, P3 and OP2 collected at the center of the ecosys-
tems with an Eckman dredge and in two soil samples surrounding L2
(from East and South transects), with a scoop (0–10 cm layer; approxi-
mately 1 kg). The soil samples were taken at one point where no vegetation
was observed, and one point where a moss colony was present (soil sample
taken under the moss mat; Fig. S2). After the samples were transferred to
the laboratory, they were incubated, according to a methodology described
in detail in the Supporting Information. Briefly, the samples were first incu-
bated without any amendment, under anaerobic dark conditions at 5 ± 1
°C for 247–330 days. Then, the same samples were split into new vials,
spiked with H2/CO2 or acetate, incubated for 50–179 days under the
same conditions, to determine the main metabolic route followed by the
methanogens.
4

Methanogenic potential incubations were complemented by methane
oxidation potential, i.e. methanotrophic potential rates, in soil samples
from L2 (0–10 cm layer; approximately 1 kg), taken during the ice-free sea-
son. The samples were collected along four transects (north, south, east,
and west shore of the lake), each transect including three samples collected
at three distances from the shore, i.e. same locations where fluxes were de-
termined. Once transferred to the laboratory, the samples were incubated
in vials spiked with CH4, under dark conditions at 4 ± 1 °C for 10 days
duringwhich CH4 concentrationwasmeasured every second day according
to Martinez-Cruz et al. (2012). Details are provided in the Supporting
Information.

2.6. Molecular biology

During the ice-free season, to assess the main microbial actors involved
in the CH4 cycle, the abundance of specificmicrobial geneswas determined
inwater and sediments samples of all lakes. Themethods used, described in
detail in the Supporting Information, included quantitative PCR of bacterial
16S rRNA gene and archaeal 16S rRNA gene as a proxy of bacterial and ar-
chaeal abundance, respectively,mcrA gene as a proxy of methanogen abun-
dance and pmoA gene as a proxy of methane oxidizing bacteria (MOB)
abundance.

2.7. Data mapping and statistics

Contour maps of dissolved gases and fluxes were generated by data in-
terpolation according toWillmott andMatsuura (2007), using themean ab-
solute error (MAE) and the mean bias error (MBE) as criteria using Surfer
11.0 software (Golden Software, USA). Significant differences among data
sets (e.g., among lakes, seasons, and water column depths) were tested
with a 95 % confidence level. With that purpose, the measured parameters
were first tested for normality using the Kolmogorov-Smirnov test. When
data were not normally distributed, they were log10 transformed for
comparison purposes. Statistical analyses were done with the NCSS 2000
Statistical Analysis System software (Number Cruncher Statistical Systems,
Utah, USA).

In water, soils and sediments, the relationship between CH4 fluxes and
gene markers abundance (pmoA and mcrA) was evaluated by Spearman
correlations (i.e., non-normal distribution tested by the Shapiro test for
normality). In peripheric soils of lake Kitiesh, the link between the CH4

emission and CH4-related gene abundancewas evaluated by an unbalanced
(type III) ANOVA using as a factor the dominant CH4-related process
(i.e. considering “net methanogenesis” in soils with positive CH4 flux
and “net methanotrophy” in soils with negative CH4 flux). Significant
influence of amendment and soil type on methane production rates
was determined through ANOVA, normality and homoscedasticity of
the residuals were validated by Shapiro and Bartlett tests, respectively.
Significant difference between the three amendments was tested by the
Tukey's HSD multiple comparison test. These statistical analyses were per-
formed using R software version 4.0.4 (R Core Team, 2022) in R studio
environment version 1.3.959.

3. Results and discussion

3.1. Physicochemical characterization of lake Kitiesh (L2)

A bathymetric map of L2 was built (Fig. S3), showing that the mean
depth was 4.5 m and that the maximum depth was 11.5 m (estimated
from the interpolated bathymetric map). A relatively extended littoral
zone, with depth inferior to 1 m, was observed on the western section of
the lake. L2 is characterized by a tributary stream flowing from a small
pond and a distributary river that flows to the sea, which is located at ap-
proximately 600 m, downstream (Fig. S3). Thus, L2 is an exoreic lake,
with an approximately constant volume of 419 × 103 m3, determined
from integration of depth data (for the year analyzed).



Fig. 2. East-West transect dissolved concentration of CH4 (A) and CO2 (B) during
the ice-season in lake Kitiesh (L2). White vertical arrows indicate the location of
the profiles done with the M-ICOS method. Note the different magnitude of units
in each panel.
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During the ice-free season, the water column was fully mixed, as evi-
denced by the absence of temperature gradient (Fig. S4.A). The pH in the
water column was also homogeneously distributed and close to neutrality
at 7.23 ± 0.12 (mean ± one standard deviation of the mean). The water
column was fully oxygenated with a DO saturation of 90.0± 0.8 %. A uni-
form conductivity of 119± 0 μS cm−1 was observed, which corresponded
to a salinity of 0.1 PSU, and classifies therefore L2 as a freshwater lake. Dur-
ing the ice-free season, nutrients, alkalinity, and Chl-a concentrations were
measured in surfacewater of L2, while TOCwasmeasured in the sediments
(Table S1·B). While the TOC in sediments were relatively high, at 3.16 %
dry weight, nutrients and Chl-a classify lake Kitiesh as an oligotrophic
lake with severe phosphorous limitation (Wetzel, 2001). Regarding ni-
trates, we measured a concentration of 0.47 ± 0.23 mg L−1. Compared
to the literature, the latter is within the large range reported for L2 and
other lakes of the King George Island. For instance, Contreras et al.
(1991) reported an undetectable level of nitrate in water from lake Kitiesh,
while Campos et al. (1978) reported nitrate concentrations of tens of mg
L−1 in the same lake. In other lakes, Unrein (2000) reported a range from
0 to 0.22 mg L−1 in the water of a lake at the southern tip of King George
Island, and Neogonekdzarek and Pociecha (2010) reported a range from
0.15 to 10.31 mg L−1 in 11 lakes of the King George Island. Thus, nitrates
in lakes of the King George Island appears to be highly variable, which
might be explained by ornithogenic nutrient input (Sun et al., 2002; Zhu
et al., 2009), although Campos et al. (1978) also suggested that nitrates
could be due to decomposing mosses at the bottom of the lakes.

During the ice-season, L2 was moderately stratified, as indicated by a
gradient of temperature and pH of, respectively, 1.1 °C and 0.83 pH units
between surface and bottom water (Fig. S4.A). Similarly, a surface conduc-
tivity of 67±25 μS cm−1 wasmeasured at the surfacewhile values of up to
467 ± 65 μS cm−1 were measured at the bottom of the water column
(Fig. S5). An additional indicator of stratification during the ice-season
was the DO saturation, at 85.9 ± 0.9 % in surface water and 28.9 ± 22.8
% at the bottom of the water column, in the deeper sections of the lake
(Fig. S4.A). The latter is a clear indicator of the existence of active aerobic
respiration processes in L2, but certainly low, since the water column was
still fully oxygenated despite the absence of exogenous oxygen input during
approximately 9months per year, when the lakewas sealed by an ice-cover.
The latter may also indicate the presence of active photosynthesis below
the ice-cover, as some light was available up to the bottom of the lake,
and scarce and irregularly distributed moss colonies were present (see
Movie S1), identified as Drepanocladus polygamus (Schimp.) Hedenäs
(Larraín and Bahamonde, 2017). However, we will show hereafter that
under the ice-cover, heterotrophic respiration was dominant over primary
production. From the profiles observed during both seasons, L2 might be
considered as a monomictic lake, with stratification occurring during the
ice-season.

3.2. Dissolved CH4 and CO2 concentration in lake Kitiesh (L2)

During the ice-free season, in L2, a first determination of CCH4 and CCO2

showed that CCH4 was below the detection limit of the M-ICOS method.
Thus, a HE method was used instead. The results obtained are presented
on Fig. S6, showing that due to the mixing of the water column, CCH4 was
homogeneously distributed along the water column. No depth gradient
was observed, while relatively higher CCH4 were found in the eastern and
western sections of the lake, compared to the center. Overall, CCH4 ranged
70.5–86.1 ng L−1 (n = 90), with a mean of 76.8 ± 6.0 ng L−1, which is
slightly above the atmospheric saturation, determined from the Henry's
constant at 63.8 ng L−1 (NIST, 2020). The measured CCH4 range is one to
two orders of magnitude lower than the CCH4 reported in freshwater mari-
time Antarctic lakes from the Syowa Oasis (Lat. 69°S), by Sasaki et al.
(2010). The measured range in L2 is also about 14-fold lower than the
CCH4 found in two Southern Patagonian lakes during spring, which was
the season with the lower CCH4 found over a seasonal study (Gerardo-
Nieto et al., 2017). Similarly, surficial water of low nutrient alpine lakes
in central Europe (Pighini et al., 2018) have been reported to contain up
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to three orders of magnitude more dissolved CH4 concentration than the
CCH4 reported during the ice-free season in L2. During the ice-free season,
L2 was characterized by CCO2 homogeneously distributed with a mean of
38± 1 μg L−1, which is well below atmospheric saturation (3.3% of atmo-
spheric saturation estimated to 1.16 mg L−1; Fig. S6·B). The latter is a clear
indication that during the ice-free season, L2 was dominantly autotrophic,
i.e. primary production exceeding heterotrophic respiration, and that it
could act as CO2 sink to the atmosphere due to its moderate alkalinity
and basic pH (Cohen andMelack, 2020; Cole and Prairie, 2009, Table S1·B).

During the ice-season, CCH4 and CCO2 determined with the M-ICOS
method in L2, exhibited clear depth gradients (Fig. 2), as well as a signifi-
cant accumulation, compared to the ice-free season (p < 0.05). Indeed, the
mean CCH4 during the ice-season was 190 ± 155 ng L−1, which multiplied
by the total volume of the lake, corresponded to a total mass of dissolved
CH4 of 79.7 g. The total dissolved CH4 during the ice-free season was esti-
mated to 32.2 g, thus, a net CH4 accumulation of 47.5 g (148 %) was ob-
served over 9 months of ice-season. We hypothesize that this CH4 storage
is emitted to the atmosphere shortly after ice break-up, when the winter
thermal stratification is lost, and the water column mixes, which is a
major CH4 emission mode in lakes affected by an ice cover during winter
(Greene et al., 2014). More dissolved CO2 was also observed during the
ice-season (Fig. 2B), when CCO2 ranged 0.11–1.04 mg L−1, with a mean of
0.35 ± 0.20 mg L−1, representing a total mass of 151 kg of CO2 in the
whole lake. Compared to a totalmass of 13 kg of CO2 during the ice-free sea-
son, the latter suggests that a net accumulation of 138 kg of CO2 took place
(1050 %) when the lake was covered by an ice layer. Importantly, this CO2

accumulation within the water column suggests that heterotrophic respira-
tion dominated over primary production, even at the bottom of the water
column, where moss colonies were observed (Movie S1). Thus, when cov-
ered by an ice layer, the lake, which was dominantly autotrophic during
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the ice-free season, turned heterotrophic, probably due to the limited
amount of light reaching the water column. This is further supported by a
significant decrease in DO concentration along depth observed during the
ice-season (Fig. S4.A). This seasonal shift from net autotrophy to heterotro-
phy has been described in boreal lakes (Laas et al., 2012) as well as southern
Patagonian lakes (Gerardo-Nieto et al., 2017). It is also important to note
that despite CO2 accumulation during the ice-season, the final CCO2 was
still below atmospheric saturation (30 % of atmospheric saturation),
which is an indication that L2 never reaches saturation and is dominantly
autotrophic over the annual cycle. An important corollary of the latter is
that the CO2 that accumulates over the ice-season is not released to the at-
mosphere but probably metabolized by primary production, after ice
break-up and once the water column is fully exposed to sunlight.

3.3. CH4 and CO2 emissions from lake Kitiesh (L2)

The exchange of CH4 and CO2 with the atmosphere were determined
during the ice-free season, in L2 and its surrounding terrestrial ecosys-
tem (Fig. 3). As expected from CCH4 data (slightly above atmospheric
equilibrium), positive atmospheric flux (efflux) of CH4 were observed
from L2 surface, ranging 0.618–8.82 μg m−2 h−1 with a mean of
3.21 ± 1.921 μg m−2 h−1. Fluxes, measured through the boundary
layer method, were within the same magnitude order, with a range of
0.83–2.76 μg m−2 h−1, and a mean of 1.61 μg m−2 h−1. Regarding
the difference between both flux determinations methods, it should be
kept in mind that the boundary layer method and chamber measure-
ments were not done on the same day and thus are valid for comparison
purposes only. That level of CH4 emissions is low, compared to other non-
perennially glaciated lakes of the Millor Peninsula in Eastern Antarctica,
reported by Zhu et al. (2010), i.e. 110–145 μg m−2 h−1, and by Ding et al.
(2013), i.e. 40–85 μg m−2 h−1. Our results are closer to those reported by
Sasaki et al. (2010) for lakes of the Syowa Oasis, i.e. 13 μg m−2 h−1. Regard-
ing other data collected in southern latitudes, Gerardo-Nieto et al. (2017)
Fig. 3. CH4 (A) and CO2 (B) fluxes of lake Kitiesh (L2) and its surrounding
ecosystem, observed during the ice-free season. Note the different magnitude of
units in each panel.
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reported a total annual emission of 359 μg m−2 h−1, for two lakes in the
Southern Patagonia. The CH4 emission determined during the ice-free season
in L2 were also low compared to lakes located at symmetrical latitude in the
northern hemisphere. For instance, Bastviken et al. (2011) reported a mean
diffusive emission of 82 ± 148 μg m−2 h−1 for northern lakes located at
latitude range of 54–66°N. Serikova et al. (2019) also reported CH4 flux
from a large set of Western Siberian lakes (Lat. 62–68°N), where a minimum
of 38 μg m−2 h−1 was observed. Unambiguously, the climate in these corre-
sponding northern latitudes are significantly different than those found in
King George Island, being at boreal latitudes mostly continental, with warm
summer. Moreover, northern lakes are commonly characterized by rich sur-
rounding vegetation and ubiquitous permafrost (Obu et al., 2019). In a
more global context, the small CH4 fluxes observed in lake Kitiesh were com-
parable with the three lowest data reported in the global dataset of 227 lakes
and 86 reservoirsworldwide analyzed byDeemer andHolgerson (2021). Our
data are comparable with CH4 emissions reported from 7 oligotrophic
perialpine and alpine hydropower reservoirs of 7.4 ± 6.1 μg CH4 m−2 h−1

(Diem et al., 2012), and from 16 north temperate lakes ranging between 8
and 36 μg CH4m−2 h−1 depending on their trophic status (West et al., 2016).

As expected from the CCO2 below atmospheric equilibrium in L2, all
measurements of CO2 flux except one, gave negative values, ranging
−19.2 − 1.2 mg m−2 h−1 with a mean of −9.9 ± 4.3 mg m−2 h−1.
The mean CO2 flux estimated with the boundary layer method gave fluxes
ranging from−11.9 to−12.3mgm−2 h−1, which is close to themean flux
estimated from chamber measurements and confirms that L2 was a sink of
CO2. As shown in Fig. 3, the areas with higher CO2 capture were also the
areas with higher CH4 emission, and a negative correlation between both
emissions was observed with a coefficient of correlation (R2) of 0.94
(data not shown). That pattern, i.e. correlation between CH4 efflux and
CO2 influx, has been reported in other lakes, such as in a mesotrophic
lake of Southern Patagonia (Gerardo-Nieto et al., 2017), and in an oligo-
mesotrophic lake in Germany (Martinez-Cruz et al., 2020). We suggest
that such pattern is the result of organic matter supplied to the sediments
by autochthonous primary productivity and/or transport from littoral
zones (Ragg et al., 2021). Assuming that the emissions of CH4 and CO2

measured were representative of the entire ice-free season, the total CH4

emission of the lake was estimated to 648 g year−1, while the total CO2

capture was estimated to 2000 kg year−1. When combining CH4 and CO2

emissions, in CO2 equivalent units (CH4 global warming potential of 34 in
a time horizon of 100 years; Myhre et al., 2013), lake Kitiesh was clearly
a greenhouse gas sink, with and estimated sink rate of 1978 kg CO2-eq
year−1, and in which the mean annual CH4 emissions represents 1.10 %
of the CO2 sink.

Over a total of approximately 12 h of continuous chamber deployment
in L2, during the ice-free season, no evidence of bubble was observed. In-
deed, assuming bubble sizes from 1 to 10 mm (Delsontro et al., 2015) and
a CH4 content in the bubbles of 70 % (Walter Anthony et al., 2010), any
bubble reaching the chamber would have generated a step increase in the
measured CH4 concentrations ranging 0.047–47 ppm, easily detectable by
the gas analyzer (UGGA). Despite this observation, suggesting that
ebullitive flux was not a major emission mode, after drilling the ice layer
during the ice-season, occasional bubble inclusions and a few bubbles
trains, were clearly observed within the ice layer (Movie S2). Without an
analysis of the nature and composition of these trapped bubbles, ebullitive
CH4 emission cannot be confirmed but is certainly plausible, particularly if
considering previous observations of bubbles containing CH4, trapped in
the ice covering lakes in the SyowaOasis (Sasaki et al., 2009).We therefore
acknowledge that the confirmation of ebullitive flux would require longer
chamber deployments and/or the use of specific bubble detection methods
(Wik et al., 2016).

3.4. CH4 and CO2 emissions andmarker gene abundances from surrounding soils

In order to establish possible interactions between the lake and its sur-
rounding ecosystem, which was previously suggested by Gregorich et al.
(2006) and Elberling et al. (2006) in a lake of the Garwood Valley (78°S),



Fig. 4. (A) Methanotrophic rates and (B) gene copy number observed in the water
column of lake Kitiesh (L2) during the ice-season. Each point represents the mean
of four replicates and standard deviations are shown. mcrA and pmoA genes are
marker genes of methanogens and methanotrophs, respectively. Note that the 16S
rRNA gene copy number corresponds to the sum of both bacterial and archaeal
16S rRNA gene copies, representing all prokaryotes (Table S2).
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CH4 and CO2 emissions to the atmosphere were also determined from soils
along the L2 shore (Fig. 3). Over a fringe of 10 m around the lake, negative
CH4 emissions were often but not always observed, suggesting that, con-
trary to the lake, surrounding soils mainly act as CH4 sink. Soil CH4 emis-
sions ranged from −19.50 to 5.02 μg m−2 h−1 with a mean of −1.25 ±
4.30 μg m−2 h−1. Abundances of mcrA genes in soils with positive CH4

emissions were significantly different from the mcrA gene abundances of
soils exhibiting negative CH4 emissions (type III, unbalanced ANOVA,
F = 4.57, p < 0.05), positive CH4 emissions corresponding to higher abun-
dances ofmcrA gene (on average 2.3 orders of magnitude higher; Table S3).
In contrast to the lake, the CO2 emissions from surrounding soils were
dominantly positive, ranging from −14.36 to 35.48 mg m−2 h−1 with
a mean of 5.43 ± 9.82 mg m−2 h−1. Similarly to what observed by
Gregorich et al. (2006), both CH4 and CO2 emissions were highly vari-
able at short distance. In some cases, CH4 and CO2 fluxes shifted from
positive to negative values in a single soil transect, few meters apart.
In the same line, we observed high spatial variation of soil microbial
biomass quantified by molecular proxies (i.e., gene abundance;
Table S3). Even so, CH4 and CO2 emissions, as well as microbial gene abun-
dance (bacterial and archaeal 16S rRNA as well as mcrA gene abundance)
were all significantly correlated with the organic matter concentration of
the soil (Spearman correlation; ρ=0.39, 0.47, 0.47, 0.49 and 0.64, for bac-
terial 16S rRNA gene, archaeal 16S rRNA gene andmcrA gene, CH4 and CO2

emissions, respectively; p < 0.05). This confirms the organic matter depen-
dence of biogeochemical processes in poor-C soils (Conrad, 2020). Soil
archaea, methanogen and methanotroph abundances were also signif-
icantly correlated with soil CO2 (but not CH4) emissions (Spearman
correlation; ρ = 0.46, 0.42, 0.36, for soil archaea, methanogen and
methanotroph abundances respectively, p < 0.05). However, no corre-
lationwas found between aquatic and terrestrial CH4 or CO2 emissions, nei-
ther with the distance to the shore, nor with the height above the water
surface, which prevented reaching any conclusive evidence in regard to
the interactions between the lake and the surrounding ecosystem.

3.5. CH4 oxidation and production rates and marker gene abundances in water,
sediments, and soils

During both seasons, water samples were taken at several depths of the
water column of L2 to determine the methane oxidation/production rates.
During the ice-free season, no significant oxidation/production was de-
tected. On the contrary, during the ice-season, a positive CH4 oxidation
was observed, with a mean of 16.0 ± 17.3 ng L−1 d−1 and a maximum
of 42.5 ± 44.5 ng L−1 d−1 at 9 m depth (Fig. 4.A). Two reasons may
explain why methanotrophic activity was observed during the ice-cover
season, but not during the ice-free season. First, during the ice-free season,
CCH4 was low; i.e. about 70 ng L−1. These low concentrations might have
been below a threshold concentration value for the methanotrophic
process. To this regard, it is worth noting that the CH4 affinity constant of
aerobic methanotrophy has been reported to 0.11 ± 0.05 mg L−1

(Liikanen et al., 2002; Lofton et al., 2014), i.e. up to 3 orders of magnitude
above CCH4 found in lake Kitiesh. The second reason has to do with the
detection limit of the method used. Indeed, the incubation method showed
an important noise of CCH4 during incubations, when tested at the lower
concentrations, thus preventing the determination of a significant
methanotrophic rate. However, it should be noted that, even after 7 days
of incubation, CH4 was still detected in samples incubated from an initial
concentration of ca. 70 ng L−1, thus we estimated that the methanotrophic
ratewas in all case<10 ng L−1 d−1, which can be considered as themethod
lower limit of detection.

During the ice-season, the abundance of methanogen and methanotroph
markers (i.e., mcrA and pmoA genes, respectively) significantly increased
with both water depth (Spearman correlations; ρ = 0.86 and 0.90, re-
spectively; p < 0.05) and CH4 concentrations (Spearman correlations;
ρ = 0.67 and 0.66, respectively; p < 0.05), while the total abundance
of prokaryotes (bacteria and archaea) remained stable over the water
column (Fig. 4.B). As the whole water column was oxygenated, it was
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consistent to retrieve MOB markers until the bottom of the lake,
where the maximal pmoA abundance (1.67 × 108 copies L−1 between
8.5 and 9 m depth) was found (representing up to 1.8 % of total pro-
karyotic abundance). The abundance of pmoA gene reached and inclu-
sively outnumbered the abundance found in subalpine stratified lake
(< 2 × 107 copies L−1; Guggenheim et al., 2019), temperate lakes
from Sweden (< 7.5 × 106 copies L−1; Samad and Bertilsson, 2017)
and subarctic lake (< 1.6 × 108 copies L−1; Cabrol et al., 2020).
Given that most MOB use CH4 as sole energy/carbon source, their sig-
nificant depth-enrichment relative to total biomass is an indication of
increasing methane oxidation activity with depth, even though wemea-
sured gene abundance and not gene expression.

In the sediments of L2, sampled from the center of the lake during the ice-
free season, CH4 production was not detected in unamended samples
(Table S4). However, methanogenic rates of 0.10 ± 0.06 μg CH4 g−1 dry
weight d−1 were observed in samples spiked with H2/CO2. Higher methano-
genic rates (Tukey's HSD test, p < 0.05F) were observed in samples spiked
with acetate, reaching a CH4 production rate of 0.46 ± 0.06 μg CH4 g−1

dry weight d−1 (Table S4). The absence of detectable CH4 production in the
unamended sediments together with (i) a clear production when substrate
was added and (ii) non-negligible levels of mcrA gene in the in-situ sediment
samples (ranging from 9.102 to 2.108 mcrA gene copies g DW −1, i.e. up to
levels comparable to OM-rich sub-Antartic lake sediments reported by
Lavergne et al., 2021; Table S3) suggest a lack of labile substrate in the sedi-
ments sampled. To this regard, it should bementioned, that the sediment sam-
ple collected during the ice-free season corresponded to a location where no
CH4 accumulation was observed during the ice-season (red arrow in Fig. S5).

In incubations of soils around L2, a clear CH4 production was systema-
tically found, and methanogenic rates were significantly higher in organic
soils compared to inorganic ones (Table S4; Tukey's HSD test, p < 0.05).
In both types of soils, the methanogenic rates were significantly higher in
amended than in unamended samples (Tukey's HSD test, p< 0.05), and sig-
nificant difference was observed between both amendments. Regarding
methanotrophy in soils surrounding L2, a clear activity was systematically
observed, highly variable and with a mean rate of 6.4 ± 6.07 μg CH4 g−1

dry weight d−1 (Fig. S7). A comparison between the potential
methanotrophic and methanogenic rates in the soils surrounding L2
did not allow to reach conclusive evidence of one process being poten-
tially dominant over the other, both processes being on the same
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magnitude order (μg CH4 g−1 dry weight d−1). The balance between
both processes will therefore depend on the conditions found at short
spatial scale in the multiple parameters involved in the CH4 cycle,
which have been shown to be highly variable (Elberling et al., 2006;
Gregorich et al., 2006), but, overall, no clear input of CH4 from the sur-
rounding soil to the lakes is evidenced.

3.6. CH4 cycling in other lakes and ponds of the Fildes peninsula and Ardley Island

During the ice-free season the 10 other lakes and ponds presented
similar physicochemical parameters than lake Kitiesh, with amean temper-
ature of 3.1± 1.9 °C, DO saturation of 94.2± 5.8 %, and a conductivity of
120±71 μS cm−1 (Table S1·B). The pHwas significantly higher (p< 0.05)
in all lakes and ponds, compared to lake Kitiesh, with a mean value of 8.40
± 0.41. Uruguay lake, where a physicochemical profile was determined
during the ice-season (Fig. S4·B) exhibited similar profiles than those ob-
served in lake Kitiesh, including a relatively strong conductivity gradient
probably due to marine influence as previously reported (Contreras et al.,
1991; Fig. S5). Thus, all sampled lakes and ponds in the Fildes Peninsula
can be considered as freshwater ecosystems, fully oxygenated and with a
moderately alkaline pH.

Nitrate concentration in the surface water samples ranged
0.001–0.21 mg L−1 for NO3

−, if excluding OP2 with a relatively high
concentration of 3.12 mg L−1. Similarly, NH4

+ in OP2 was 1.09 mg L−1,
while the range measured in the other ecosystems was
<0.001–0.18 mg L−1. Nitrite and PO4

3− were in all case inferior to
the detection limit (0.001 mg L−1; Table S1·B). Dissolved bicarbonate
(HCO3

−) ranged 15.5–34.5 mg L−1, while no carbonate ion (CO3
2−) contrib-

uted to the total alkalnity (Table S1·B). Chl-a values of the lakes and ponds
ranged 0.29–1.46 μg L−1 (average 0.70 ± 0.44 μg L−1), if excluding OP1
and OP2, which exhibited a concentration of 2.64 and 6.92 μg L−1, respec-
tively. Based on Chl-a, the trophic status of the aquatic ecosystems (excluding
OP1 and OP2) ranged from ultra-oligotrophic to oligotrophic. From micro-
scopic examination, it was observed that the phytoplankton of all ecosystems
weremostly composed of pennate diatoms. The highest NO3

−, NH4
+, and Chl-

a concentrationsweremeasured in OP2 located in the Ardley Island, which is
an Antarctic Specially Protected Area (ASPA 150) with important colonies of
Gentoo, Adélie and Chinstrap penguins. Thus, the higher primary productiv-
ity in OP2 is most likely caused by ornithogenic nutrient input (Sun et al.,
2002; Zhu et al., 2009). Fildes Peninsula on the other hand, is less affected
by ornithogenic activity and the general lithology was composed of altered
basaltic rock outcrops with less moss and lichens when compared to Ardley
Island.

Regarding dissolved gases, in the 10 aquatic ecosystems distributed on
the Fildes Peninsula, CCH4 ranged 72.1–506.3 ng L−1 (Fig. S8), the higher
concentration being observed, again, in the organic pond OP2. These CCH4

were measured during the ice-free season, but OP2 was already covered
by an ice layer and is therefore not comparable with the other ice-free eco-
systems. Overall, the mean CCH4 measured in the 10 ecosystems (excluding
OP2)was 186±130ng L−1, which is about twice higher towhat found dur-
ing the same season in lake Kitiesh but lower than the range ofCCH4 reported
by Sasaki et al. (2010), for lakes with salinity<1 PSU, i.e. 310–6144 ng L−1.
Notably, the magnitude of CCO2 was higher in all ecosystems compared to
Kitiesh and four of these ecosystems presented a CCO2 from 10 to 23 %
above saturation (Fig. S8). The ecosystems where CCO2 above saturation
were found where all shallow lakes, while the two relatively deep lakes
(L1 and L2) and all ponds and organic ponds were undersaturated in CO2.

Overall, the CH4 emission observed from L2 was higher than those ob-
served from the 5 other lakes and above the mean emission of all ecosys-
tems (1.7 ± 1.9 μg m−2 h−1; Fig. S9), if excluding an outlier with an
unexplained CH4 emission of 21.5 ± 7.8 μg m−2 h−1 (P2). Regarding
CO2 emissions, L2 also presented a higher CO2 sink rate than the other eco-
systems, which presented a mean flux of −2.69 ± 1.94 mg m−2 h−1

(Fig. S9). In these other ecosystems, a positive significant correlation was
found between the CO2 emissions and bacterial abundance in water (bacte-
rial 16S rRNA gene abundance; Spearman correlation; ρ=0.67, p < 0.05),
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which suggests that an increase in microbial biomass was linked to an in-
creased contribution of heterotrophic metabolism. As shown on Fig. S9
and contrastingly to lake Kitiesh, three ecosystems presented a positive
CO2 emission, but the mean emission was negative. These results suggest
that the aquatic ecosystems of the Fildes Peninsula are dominantly autotro-
phic, at least during the ice-free season. During the ice-season, in Uruguay
lake, the CCO2 depth profile (Fig. S10) indicated that, in accordance with
what observed in lake Kitiesh, the water column remained clearly undersat-
urated. The other ecosystems, shallows, were likely to be fully frozen for
most part of the year. Thus, over a year cycle, it can be concluded that
the lakes and ponds of the region are dominantly autotrophic and a sink
of greenhouse gas.

4. Conclusions

The CH4 cycle in the non-perennially glaciated aquatic ecosystems of the
Fildes Peninsula is active, resulting in low but omnipresent atmospheric CH4

emissions during the brief ice-free season. These CH4 emissions are compen-
sated by a significant capture of atmospheric CO2, making them greenhouse
gas sinks. Overall, this behavior could be explained by the permanently cold
conditions, a dominant autotrophy over the annual cycle, and the low exoge-
nous organic input received by the aquatic ecosystems (except OP2), as sug-
gested by the absence of vegetation, and limited/absent anthropogenic and
ornithogenic nutrient inputs. Compared to other freshwater ecosystems, pre-
viously reported in other regions of themaritimeAntarctica, the CH4 cycle in-
dicators were lower butwithin the samemagnitude order. Thus, we conclude
that the non-perennially glaciated aquatic ecosystems located around the
Antarctic continent probably do not contribute significantly to the green-
house gas emissions associated to the aquatic ecosystems located at other
latitudes.Moreover, in the context of futurewarming, with longer ice-free pe-
riods and larger ice-free areas in Antarctica, these lakes which could gain im-
portance and may convert to a standard feature of the Antarctic landscape,
are unlikely to modify substantially the current greenhouse gas budget.
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