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Abstract Thermokarst lakes are important conduits 
for organic carbon sequestration, soil organic mat-
ter (soil-OM) decomposition and release of atmos-
pheric greenhouse gases in the Arctic. They can be 
classified as either floating-ice lakes, which sustain 
a zone of unfrozen sediment (talik) at the lakebed 
year-round, or as bedfast-ice lakes, which freeze all 
the way to the lakebed in winter. Another key char-
acteristic of thermokarst lakes are their eroding 

shorelines, depending on the surrounding landscape, 
they can play a major role in supplying the lakebeds 
with sediment and OM. These differences in winter 
ice regime and eroding shorelines are key factors 
which determine the quantity and quality of OM in 
thermokarst lake sediments. We used an array of 
physical, geochemical, and microbiological tools to 
identify the differences in the environmental condi-
tions, sedimentary characteristics, carbon stocks and 
microbial community compositions in the sediments 
of a bedfast-ice and a floating-ice lake in Far East 
Siberia with different eroding shorelines. Our data 
show strong differences across most of the measured 
parameters between the two lakes. For example, the 
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floating-ice lake contains considerably lower amounts 
of sediment organic matter and dissolved organic car-
bon, both of which also appear to be more degraded 
in comparison to the bedfast-ice lake, based on their 
stable carbon isotope composition (δ13C). We also 
document clear differences in the microbial com-
munity composition, for both archaea and bacteria. 
We identified the lake water depth (bedfast-ice vs. 
floating-ice) and shoreline erosion to be the two most 
likely main drivers of the sedimentary, microbial and 
biogeochemical diversity in thermokarst lakes. With 
ongoing climate warming, it is likely that an increas-
ing number of lakes will shift from a bedfast- to a 
floating-ice state, and that increasing levels of shore-
line erosion will supply the lakes with sediments. Yet, 
still little is known about the physical, biogeochemi-
cal and microbial differences in the sediments of 
these lake types and how different eroding shorelines 
impact these lake systems.

Keywords Thermokarst lakes · Far East Siberia · 
Arctic permafrost · Yedoma · SOC · Microbial 
diversity

Introduction

Arctic permafrost regions store about 50% of the 
global soil organic carbon (soil-OC) pool (Kuhry 
et al. 2010), especially near the surface (0–3 m) with 
an estimated 1307 ± 170 Pg of soil-OC in the north-
ern circumpolar permafrost region alone (Hugelius 
et  al. 2014). A large fraction of this soil-OC is still 
decoupled from the active carbon cycle and protected 
from extensive degradation because of freezing tem-
peratures, but strong ongoing climate warming in 
the Arctic (Jansen et  al. 2020) increasingly exposes 
these soils to thaw (Heslop et  al. 2020). The decay 
of permafrost often occurs in places that are natu-
rally exposed to physical, thermal and environmental 
forces, such as riverbanks, coastlines, lake shorelines 
or topographic slopes which allow exposure of the 
frozen ground (Ballantyne 2018).

Thermokarst lakes are hotspots of rapid permafrost 
thaw. Here, organic matter (OM) in lakebed sedi-
ments, underlying permafrost soils and along eroding 
shorelines can degrade to greenhouse gases (GHGs) 
(Walter et  al. 2007; van Huissteden 2020). Due to 
their high abundance and widespread distribution in 
tundra landscapes, thermokarst lakes play an impor-
tant role in the Arctic GHG balance (in ’t Zandt et al. 
2020). The Northeast Siberian coastal lowlands for 
example are widely covered by small and large lakes 
which regionally make up more than 40% of the land 
surface area (Grosse et al. 2013). Thermokarst lakes 
impact the Arctic carbon budget since they can act 
both, as sinks which sequester OC (Schirrmeister 
et al. 2011) at the lakebed, or as sources through the 
release of GHGs (Zimov et  al. 1997; Matveev et  al. 
2016) depending on timescales, current climatic, 
hydrological and local geological conditions (Wal-
ter Anthony et al. 2014; Webb et al. 2022). The main 
sediment (and associated OM) source of thermokarst 
lakes is allochthonous material that is eroded along 
their shorelines. Whether the lakes sequester OM 
or act as catalyst for OM decomposition is highly 
dependent on their rates of sediment deposition (Wal-
voord et al. 2019).

Sediment temperatures at the lakebed of thermo-
karst lakes are strongly controlled by their lake 
ice regime, which describes two different states 
of their environmental conditions during winter 
(Ling and Zhang 2003). Firstly, bedfast-ice lakes 
that freeze all the way to their lakebed during the 
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winter months, they are shallower than the local 
maximum winter ice thickness (Arp et  al. 2012). 
Secondly, floating-ice lakes that are deep enough 
to remain unfrozen at the lakebed also during the 
peak of winter (Arp et  al. 2012). During the sum-
mer months, the lakes transfer heat from their water 
body to the underlying permafrost ground below 
the lakebed, which gradually thaws the underlying 
soil over time. This can cause large-scale thermo-
karst subsidence of the lakebed since the underlying 
ice-rich permafrost soil can contain 50–90 vol% ice 
(Nitzbon et  al. 2020; Windirsch et  al. 2020). Dur-
ing winter, this thawed subsoil naturally refreezes 
again below bedfast-ice lakes. Over time, ongoing 
soil subsidence below the lakebed and rising lake 
water levels can deepen bedfast-ice lakes to such an 
extent that they exceed the local maximum winter 
ice thickness. Once this threshold is exceeded, the 
lake water and the uppermost lake sediment and 
thawed permafrost soil at the lakebed will remain 
unfrozen year-round and result in floating-ice lake 
formation (Arp et  al. 2012). Over time, zones of 
unfrozen ground (taliks) can form below thermo-
karst lakes and reach vertically 95  m below the 
lakebed (Schwamborn et  al. 2000). The sediment 
organic carbon (SOC) contained in the lake sedi-
ment and thawed permafrost soil of an active talik is 
no longer subjected to the annual freezing cycle and 
is exposed to increased year-round microbial activ-
ity, resulting in increased degradation of sediment 
organic matter (SOM) stocks (Walter Anthony et al. 
2018; Jongejans et al. 2021).

The conditions for carbon degradation through 
microbial activity are generally more favorable in 
floating-ice lakes than in bedfast-ice lakes since its 
taliks are not frozen throughout the winter. OC deg-
radation through complex microbial networks and 
 CH4 production by methanogenic archaea that occurs 
under anoxic conditions are both positively affected 
by increased temperatures (Wik et  al. 2014; Thorn-
ton et  al. 2015). Therefore, it is likely, that GHG 
fluxes from floating-ice lake systems may increase, 
since microbial activity responds positively to both, 
increased temperatures (here during the winter sea-
son) and increased availability of SOM and nutrients 
(here from shoreline erosion) (Walter Anthony et al. 
2014; de Jong et  al. 2018; in ’t Zandt et  al. 2020). 
Wik et al. (2016) estimated that  CH4 emissions from 
northern lakes will increase 20–54% by 2100 if 

ice-free conditions on the lakes are extended by only 
20 days.

So far, the differences in carbon stocks, sediment 
properties and microbial community compositions 
within and between these specific thermokarst lake 
types remain understudied. Jones et al. (2018) empha-
size that most lake systems, which includes thermo-
karst lakes, are internally heterogeneous, and so far 
they are not well constrained biochemically (Arse-
nault et al. 2022). For a better assessment of the OC 
dynamics and eventually the potential future impact 
on the Arctic GHG balance, more studies and data 
are key to better understand the intra- and inter-lake 
variability of these different lake types. Furthermore, 
there is a growing need to include biogeochemi-
cal and microbiological processes in GHG models 
for specific environments like wetlands (Chadburn 
et al. 2020). To model thermokarst lake systems will 
require field data as presented in this study that can 
provide input variables.

Here, we investigated sediment cores from four 
sites located in the Northeast Siberian coastal low-
lands; one core from a bedfast-ice lake, within a flat 
tundra location surrounded by peaty soil, and three 
cores from a floating-ice lake, which also borders 
an actively eroding permafrost cliff. The focus was 
on the role of ice regime and allochthonous sedi-
ment input on the lake sediment characteristics and 
its impact on the carbon dynamics in these lakes. We 
used sedimentological (grainsize, gamma-ray bulk 
density (ργ-ray), magnetic susceptibility (MS), porewa-
ter content), geochemical (loss-on-ignition (LOI), dis-
solved organic carbon (DOC) concentration, soil-OC/
SOC and DOC stable carbon isotope values (δ13Corg, 
δ13CDOC), radiocarbon dating (14C), X-ray fluores-
cence (XRF) elemental composition) and microbio-
logical (16S rRNA gene amplicon sequencing) analy-
ses to create the data base for this study. We aimed 
to measure a suite of variables to characterize and 
understand the sedimentological and biogeochemi-
cal drivers within two distinct thermokarst lakes. The 
study of the sediment dynamics in thermokarst lake 
systems is important considering the likelihood of 
increasing shifts from bedfast- to floating-ice regimes 
(Arp et al. 2012) and likely increasing shoreline ero-
sion rates (Jones et  al. 2011). These developments 
might increase the input of eroded OM into thermo-
karst lake systems and its decomposition rates at the 
lakebeds. We here document the differences between 
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two thermokarst lake systems which are likely due to 
a combination of these two main drivers of lake ice 
regime and shoreline erosion. While in this study we 
cannot quantify to what extent these drivers impact 
the lake sediment and its SOC in proportion to each 
other we still see clear indications that both ice 
regime and shoreline erosion play important roles.

Methodology

Field site

The study area is in the Kytalyk National Park 
(Национальный парк Кыталык) in the Russian 

Republic of Yakutia. It is situated 480 km above the 
Arctic Circle along the northern bank of the Ber-
elekh (Бёрёлёх) river (Fig.  1) which merges with 
the larger Indigirka (Индиги́рка) river near the town 
of Chokurdakh (Чокурда́х). The field site is situ-
ated within the largest and most continuous perma-
frost region of the planet (Strauss et al. 2017) which 
contains the largest existing yedoma soil deposits. 
Yedoma is a Pleistocene-aged soil of organic-rich 
loess with an average soil-OC content of 2–4 wt%, 
it contains 50–90% of ground ice and is up to 50 m 
thick and especially common to the tundra of Far East 
Siberia (Walter et al. 2006; Jones et al. 2011; Schir-
rmeister et  al. 2013; Murton et  al. 2017; Windirsch 
et al. 2020).

Fig. 1  Field site map of the study area in the Kytalyk National 
Park. Bathymetry maps for the floating-ice and bedfast-ice lake 
are displayed with the sediment core locations B1 (box), F1–
F3 (circles), shoreline samples S1–S3 (triangles) and the field 
camp location (star icon). Geographic features such as drained 
lake basins (dashed lines), a yedoma plateau (solid line) and an 
eroding permafrost cliff (striped area) are highlighted. The ver-

tical (A, B) and horizontal (C, D) profile lines across the lakes 
show the locations of the lake cross section profiles in Fig. 9. 
The underlying satellite image is from WorldView © 2019 
MAXAR (15 July 2015). The small overview map was created 
with the Generic Mapping Tool (6.1.1.). The field site map was 
compiled in QGIS 3.16.0
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The study area mostly contains flat tundra land-
scapes and lies 11  m above sea level. In the near 
vicinity of the field camp the highest elevation point 
is reached by a 25  m high Late Pleistocene-aged 
yedoma plateau (van Huissteden et  al. 2021). Mete-
orological data from 2005 to 2020 of the Chokurdakh 
airport weather station (WMO number 21946) show 
that the daily mean air temperature is − 11.5 °C while 
the coldest month is January (mean − 32.6  °C) and 
the warmest month is July (mean 10.4  °C) (https:// 
rp5. ru/ Weath er_ archi ve_ in_ Choku rdakh_ (airpo rt), 
accessed 10 Oct 2022). Stationary water bodies like 
ponds and lakes typically have frozen surfaces from 
November until April in the study area.

The wider area of the Kytalyk field site is cov-
ered by large numbers of ponds and lakes (30%) 
and drained lake basins (38%) (Siewert et  al. 2015). 
Low-lying areas (e.g. drained lake basins) are mainly 
covered by characteristic tundra vegetation of Bet-
ula nana, mosses and lichens; elevated areas (e.g. 
yedoma plateaus) are dominated by tussock-sedge 
(Eriophorum vaginatum); water-locked depressions 
(e.g. pond areas) are dominated by Sphagnum spp., 
Eriophorum angustifolium and Carex spp. (Iturrate-
Garcia et al. 2020; Magnússon et al. 2021).

The maximum winter ice thickness of water bod-
ies in the study area rarely exceeds 2 m (Duguay et al. 
2003; van Huissteden 2019) and maximally reaches 
3 m according to local sources. The floating-ice lake 
of this study has a total surface area of 0.51  km2 and 
reaches a maximum water depth of 6.9  m (Fig.  1, 
Supplementary Fig. S1a, b). It is mostly surrounded 
by peaty tundra shorelines towards the south and west 
but also borders a Late Pleistocene-aged yedoma 
plateau along its northwestern slope (Fig.  1) where 
yedoma is actively eroded (Supplementary Fig. 

S1b). At the yedoma erosion site massive ground ice 
and yedoma deposits crop out at the surface. In the 
summer months blocks of yedoma soil and massive 
ground ice of several meters in diameter slump and 
slide into the floating-ice lake. The smaller bedfast-
ice lake of this study is located 1.5 km north of the 
floating-ice lake, has a surface area of 0.14   km2 and 
a maximum water depth of 2.8 m; thus, most of the 
lake is shallower than 2  m (Fig.  1, Supplementary 
Fig. S1c), thereby it classifies as a bedfast-ice lake.

In contrast, the bedfast-ice lake is exclusively sur-
rounded by a low-lying and marshy tundra landscape 
with peaty soil. Both lakes are located in hydrologi-
cally closed depressions and are not connected to 
rivers or streams. The use of the terminologies bed-
fast- and floating-ice lake is no interpretive statement 
towards the sediment or carbon dynamics in the lakes, 
but simply scientific nomenclature.

Sampling

In the summer of 2015 (14–19 July), lake depth 
measurements were taken with a Humminbird Pira-
nhaMAX 160 fish finder and a Garmin GPS device 
(Fig.  1), bathymetry maps were created following 
Meisel et al. (2021). Along the shoreline of the float-
ing-ice lake three soil samples were collected (Fig. 1; 
Table 1) from the tundra surface (S1, 0–5 cm depth) 
and the actively eroding yedoma permafrost cliff (S2 
and S3, outcropping cliff face).

In the winter of 2016 (1–6 November), sediment 
cores were collected from both lakes with a UWITEC 
gravity corer from the frozen lake surfaces. Three 
sediment cores (F1–F3) were retrieved at the float-
ing-ice lake. One sediment core (B1) was retrieved at 
the bedfast-ice lake (Fig. 1,Table 1). At each coring 

Table 1  Sampling details of sediment cores and shoreline samples

Location Sample Sampling date Core length 
(cm)/material

Water depth (− m)/height 
above water level (+ m)

Long (°) Lat (°)

Bedfast-ice lake B1 4-nov-2016 69.5 − 1.7 147.40338 70.84802
Floating-ice lake F1 5-nov-2016 77 − 3.1 147.41859 70.82973

F2 5-nov-2016 113 − 6.5 147.42902 70.82953
F3 3-nov-2016 86 − 3 147.43878 70.82980

Shoreline sample 1 S1 16-jul-2015 Peat + 0.4 147.41468 70.83077
Shoreline sample 2 S2 14-jul-2015 Yedoma + 10 147.44272 70.83085
Shoreline sample 3 S3 14-jul-2015 Yedoma + 1 147.44210 70.82915

https://rp5.ru/Weather_archive_in_Chokurdakh_(airport)
https://rp5.ru/Weather_archive_in_Chokurdakh_(airport)
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site, a pair of two sediment cores was taken < 1.5 m 
apart. One core from each site was used for sedi-
ment sampling and the other for porewater extrac-
tions. After sample recovery, excess lake water was 
slowly drained from the PVC tubes above the col-
lected sediment to preserve the sediment-water inter-
face. At the sediment-water interface and the bottom 
the cores were carefully sealed with rubber caps and 
tape without trapping air pockets. The sediment cores 
were horizontally stored at 4–7 °C. Sediment porewa-
ter samples for DOC analyses were extracted and fil-
tered (0.12–0.18 μm) in the field station within hours 
after sediment core collection at a 10  cm resolution 
with 5  cm long, hydrophilic, porous polymer MOM 
rhizons (Rhizosphere Research Products B.V.) and 
pre-evacuated vials following Meisel et  al. (2021). 
The porewater samples were additionally treated with 
potassium iodide (KI) to prevent microbial activity.

The sediment cores and water samples were 
shipped at 4–7  °C to the laboratories of the Vrije 
Universiteit Amsterdam where they were stored 
dark and refrigerated at 4  °C. Due to cargo irreg-
ularities and resulting delays, the sediment cores 
could not be further processed until early 2018. 
During the transit period, the samples were kept 
dark and cooled.

Core scanning analysis

At the Royal Netherlands Institute for Sea Research 
(NIOZ) the sediment cores were split open hori-
zontally and XRF scanning at 10 and 30  kV was 
carried out with an XRF scanner (Avaatech Ana-
lytical X-Ray Technology) on the plain, open sedi-
ment surfaces (Hennekam et  al. 2019). Amongst 
other elements, the cores were non-invasively 
scanned for silicon (Si), aluminum (Al), man-
ganese (Mn) and iron (Fe) at a 1  cm resolution 
(counts/total counts). Additionally, linescan images 
were taken along the complete core profiles.

Measurements for MS and ργ-ray were carried 
out at the sediment laboratory of the VU Amster-
dam with a GEOTEK Multi-Sensor Core Logger 
(MSCL) at a 1  cm resolution. The non-invasive 
scanning results were calibrated against standard-
ized objects of known magnetic properties and 
density.

Sediment analysis

Analysis of the relative grainsize composition were 
carried out with a laser diffraction particle-sizer 
(Sympatec HELOS KR) at the sediment laboratory 
of the Vrije Universiteit Amsterdam. Prior to meas-
urement, samples were pre-treated with 5 mL of 
30% hydrogen peroxide  (H2O2) and brought to boil-
ing point to remove all OM. Subsequently, the sam-
ples were soaked in 5 mL of hydrochloric acid (HCl) 
to dissolve all carbonates and were again brought to 
boiling point with 300 mg of  Na4O2P7 to prevent par-
ticle conglomeration (van Buuren et al. 2020).

LOI data were obtained through thermogravimet-
ric analysis (TGA) with a LECO TGA 701 at the sed-
iment laboratory of the VU Amsterdam. The samples 
were heated in intervals at fixed rates up to 550 °C, 
while the weight loss through water evaporation and 
incineration of OM was recorded (van Buuren et  al. 
2020). The LOI data provided an estimate of the OM 
amount present in the analyzed sediment.

The porewater content was determined through the 
difference between wet and dry weights before and 
after sample drying for at least 48 h at 60  °C (Ack-
royd 1957).

OC analyses

The concentrations of DOC and their accompany-
ing δ13CDOC values were measured on the porewa-
ter samples. Flocculation of DOC was observed in 
some samples within days to weeks after collection. 
In order to quantify the total OC amount that was 
initially present as porewater DOC (and its δ13C sig-
nature) both, the dissolved carbon and the precipi-
tated carbon had to be measured for carbon content 
and δ13C values following Meisel et  al. (2021). The 
measurement results of the precipitated carbon and 
the DOC were joined as mass-based averages in order 
to determine the amount of DOC and its δ13CDOC 
signature that was present in the porewater prior to 
flocculation.

The flocculates and the porewater samples were 
separated by filtering with combusted 0.7 μm GF/F 
filters. The filters were dried and placed into silver 
capsules with 25 µL of Milli-Q water and 25 µL of 
1 M HCl for 30 min to remove any inorganic carbon 
compounds. An additional amount of 50 µL of 1 M 
HCl was added for 30 min; afterwards the samples 
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were dried at 60  °C for 3  h. The filters with the 
remaining precipitates were combusted and meas-
ured for their carbon amounts with a Caro Erba 
NC 2500 elemental analyzer. The δ13C signatures 
were measured on a Thermo Finnigan Delta Plus 
isotope-ratio mass spectrometer (IRMS) coupled 
to the elemental analyzer. The δ13C measurements 
were calibrated against internationally recognized 
standards relative to Vienna Pee Dee Belemnite 
(VPDB); USGS24 (−  16.05 ± 0.07‰ VPDB), 
USGS40 (−  26.24 ± 0.04‰ VPDB), USGS41 
(+ 37.76 ± 0.05‰ VPDB) and IAEA-CH-7 
(−  32.15 ± 0.05‰ VPDB) (Coplen 1996; Qi et  al. 
2003). Additionally, two in-house standards of glu-
tamic acid (− 24:08‰) and birch leaf (− 27:74‰) 
were used. The analyses were carried out at the Sys-
tems Ecology laboratory at the Vrije Universiteit 
Amsterdam.

The DOC and δ13CDOC analyses of the sediment 
porewater were carried out at the laboratory of the 
KU Leuven in Belgium with an Aurora 1030  W 
TOC carbon analyzer (OI Analytical) coupled to 
a Thermo Delta V Advantage IRMS (Meisel et  al. 
2021; Morana et al. 2015).

Briefly dissolved inorganic carbon was first 
removed by adding 10%  H3PO4 and stripping with 
He as carrier gas. Afterwards DOC was oxidized by 
adding 5% sodium persulfate  (Na2O2S8) in a reac-
tion at 97  °C for 10  min. The resulting  CO2 was 
transferred to the IRMS after cryofocussing in a 
liquid  N2 trap. The measurements were calibrated 
against two isotope standards at different carbon 
concentrations (IAEA-CH-6, −  10.449 ± 0.033‰ 
VPDB and an in-house sucrose standard 
− 26.99‰).

The δ13Corg analyses were carried out with a 
FlashEA 1112 NC series elemental analyzer cou-
pled to a Thermo Finnigan  DELTAplusXP IRMS. 
For the analysis, the sediment samples were 
weighted into silver capsules and desiccated with 
37% HCl for 12  h. Prior to analysis the samples 
were wrapped into tin capsules. The δ13Corg meas-
urements were calibrated against the internationally 
recognized standards USGS24 (−  16.05 ± 0.07‰ 
VPDB), USGS40 (−  26.24 ± 0.04‰ VPDB), and 
USGS41 (+ 37.76 ± 0.05‰ VPDB) (Coplen 1996; 
Qi et al. 2003). The analysis was carried out at the 
Stable Isotope Laboratory of the Vrije Universiteit 
Amsterdam.

Radiocarbon dating

The sample preparation for the 14C measurement 
on bulk samples and macrofossil samples was car-
ried out at the Organic Matter laboratory of the Vrije 
Universiteit Amsterdam. The macrofossil samples 
(brown moss leaves and stems) were picked under a 
microscope from sieved (63 μm) bulk sediment sam-
ples soaked in 5% sodium hydroxide (NaOH). The 
macrofossil samples were prepared with an acid-
alkali-acid (AAA) treatment. They were succes-
sively soaked with 0.5 M HCl (1 h, 60 °C), Milli-Q 
water (three rinses), 0.1 M NaOH (1 h, 60 °C), Milli-
Q water (three rinses), 0.5 M HCl (1 h, 60  °C) and 
Milli-Q water (three rinses). The bulk lake sediment 
and shoreline soil samples were desiccated with fum-
ing HCl (37%) and NaOH (5%) in that order at 60 °C 
over a period of 3 days for each compound. Finally, 
the macrofossil and bulk samples were dried at 60 °C 
(24 h).

The 14C measurements were carried out at the 
Laboratory for Ion Beam Physics of the ETH Zürich, 
Switzerland. The bulk samples were directly com-
busted and measured on a gas-ion-source-equipped 
MICADAS accelerator mass spectrometer (AMS) 
(Wacker et  al. 2013). The macrofossil samples were 
graphitized prior to a high-precision measurement 
with a AMS (Wacker et  al. 2010). The three meas-
ured 14C ages for the macrofossils of core F2 were 
calibrated to years before present (cal yr BP) using 
IntCal20 (Reimer et  al. 2020) and the program 
CALIB 8.1.0 which is based on Stuiver and Reimer 
(1993). The three measured 14C ages for the macro-
fossils of core B1 were calibrated to negative cal yr 
BP (post AD 1950) with the software CALIBomb 
(Reimer and Reimer 2022) using the Northern Hemi-
sphere Zone 1 (NHZ1) data set (Reimer et al. 2004). 
This was done to make them better comparable to the 
other 14C ages which are also displayed in cal yr BP. 
Bulk sample 14C ages were not calibrated due to their 
extensive mixing of different 14C sources.

DNA extraction and analysis

A total of 72 sediment samples of circa 200 mg each 
were aseptically taken from the sediment cores at a 
5  cm resolution. Before sampling, the top 1 mm of 
the exposed sediment surface was removed to avoid 
cross-contamination. After storage of the samples 
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at −20  °C, DNA extraction was performed with the 
PowerSoil kit (Qiagen, Hilden, Germany) accord-
ing to the instructions  of the manufacturer at the 
Department of Ecological Sciences of the Vrije Uni-
versiteit Amsterdam. The 16S rRNA gene amplicon 
sequencing was carried out by Macrogen Inc. (Seoul, 
South Korea). In short, for bacterial diversity the 
V3–V4 region of the 16S rRNA gene was amplified 
by a 25 cycle PCR using universal bacterial prim-
ers Bac341F (5′-CCT ACG GGNGGC WGC AG-3′) 
and Bac785R (5′-GAC TAC HVGGG TAT CTA ATC 
C-3′). For the amplification of archaeal sequences 
the same PCR settings were used with the prim-
ers Archf349 (5′-GYGCASCAGKCGMGAAW-3′) 
and Archr789 (5′-GGA CTA CVSGGG TAT CTAAT-
3′) (Klindworth et  al. 2013). PCR clean ups, index 
PCR, adapter ligation and library preparation were 
done following the 16S rRNA gene Metagenomic 
Sequencing Library Preparation Part #15044223 Rev. 
B. The amplicon sequences were sequenced on the 
MiSeq V2-300cycle sequencing platform generat-
ing 7,639,276 archaeal reads and 4,235,199 bacterial 
reads in total. The QIIME2 (version 2019.7) platform 
was used for bioinformatic analysis. Demultiplexed 
bacterial sequences were first trimmed 270 bp on the 
forward read and 250 bp on the reverse reads, while 
archaeal sequences were trimmed on the forward 
and reverse reads to 270 and 230  bp, respectively. 
DADA2 was used for dereplication of the sequences 
with using default settings and chimera removal using 
the consensus mode. Amplicon sequence variants 
(ASV) were then aligned using MAFFT (Katoh and 
Standley 2013) and phylogenetic distances were cal-
culate with FastTree (Price et  al. 2009). Taxonomic 
classification of the reads based on the SILVA v128 
16S SSU NR database (Yilmaz et  al. 2014) using 
QIIME 2’s scikit-learn naive Bayes machine-learning 
classifier (Bokulich et al. 2018). At last, ASVs were 
removed that matched to mitochondrial or chloroplast 
sequences (Katoh and Standley 2013) and phyloge-
netic distances were calculated with FastTree (Price 
et al. 2009). Processing of the microbial composition 
data was done using phyloseq v1.32 (McMurdie and 
Holmes 2013). We calculated the Shannon index for 
each sample and used non-metric multidimensional 
scaling (NMDS) on the Bray–Curtis dissimilar-
ity measures between samples using the R-package 
‘vegan’ v2.5 (Oksanen et  al. 2022). We used the 
graphical function ‘envfit’ to describe correlations 

between microbial community composition and envi-
ronmental variables. NMDS analysis is a commonly 
used statistical approach in environmental community 
analysis (de Jong et al. 2018; Colby et al. 2020). The 
main reasons to use NMDS analysis were (i) to com-
pare the composition of the sampled microbial com-
munities and (ii) to test which environmental factors 
correlate with the observed differences in microbial 
community composition.

Results

Core descriptions

The sediments of the two lakes noticeably differed 
visually: while the floating-ice lake cores showed lay-
ering, the bedfast-ice lake had very homogenous and 
dark-brown sediment colors reflecting a high abun-
dance of organic material. The floating-ice lake cores 
F1 and F3 both showed sporadic and indistinct layer-
ing due to variations in SOM content and had dark 
grayish brown, grayish brown and olive brown colors 
(Fig. 2) based on the Munsell Soil Color Chart (2009). 
Core F2 was strongly layered and had clear, distinct 
boundaries with layer thicknesses from a few mm up 
to 2 cm, the layering was most prominent between 60 
and 16 cm depth (Fig. 2). The sediment colors ranged 
from grayish brown, dark grayish brown, dark brown, 
very dark brown to black based on the Munsell Soil 
Color Chart (2009). The top 16 cm of core F2 were 
especially rich in organic material and visible plant 
remains. The lower half of the core (111–60 cm) was 
considerably more homogeneous and lacked the dis-
tinct layering of the upper 60 cm.

Core B1 contained two main sediment facies 
(Fig. 2): (i) a very homogenous, unstratified, organic-
rich, dark brown lake sediment at the top (36–0 cm) 
and bottom (69–59  cm) of the core and (ii) a gray, 
homogeneous deposit (59–36  cm) with sharp layer 
boundaries and strong color contrast to the brown 
lake sediment above and below. The lake sediment of 
core B1 was considerably more homogenous and of 
darker brown than the sediments of the cores F1–F3 
from the floating-ice lake.

Plant remains (unidentified branches, strongly bro-
ken apart plant residues, plant roots, parts of Betula 
nana, brown mosses, Sphagnum spp.) as well as 
small shell fragments of bivalves and freshwater 
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ostracods were found throughout all cores in varying 
abundances.

Physiochemical sediment properties

The sedimentological and physical analysis showed 
that mineral components in the lake sediments were 
generally more abundant in the floating-ice lake while 
a separate pocket of particularly mineral-rich material 
was also found in the bedfast-ice lake (Fig. 2). Core 
F2, from the deepest part of the floating-ice lake, 
recorded with 38% the highest average clay content in 
the floating-ice lake compared to the cores F1 (26%) 
and F3 (23%). The clay content within the F2 core 
profile more than doubled from the bottom (21%, 
101 cm) to the top (50%, 0.5 cm) while elevated sand 
contents were only found in the lower core section. 
The shoreline samples (S1–S3) had low clay contents 
around 30%.

Within the floating-ice lake, the average silt con-
tent was lowest at core site F2 (59%). With prox-
imity to the shorelines at core sites F1 (68%) and 
F3 (71%) silt contents increased. Average sand con-
tents were below 7% across the three floating-ice 
lake cores. This corresponded with the sand con-
tent of 7% at the yedoma plateau shoreline samples 
S2 and S3. The high sand content of 18% (S1) at 
the peaty western shoreline was not reflected in the 
nearby sediment core site F1. However, the high 
sand content at shoreline site S1 was likely due to 
the general methodology of the grainsize measure-
ment. For all grainsize analyses the organic material 
was stripped from the sample and only the remain-
ing mineral components were analyzed. If the high 
abundance of organic material would have been 
taken into account, too, the relative abundance of 
the sand component at site S1 would have been con-
siderably lower.

Fig. 2  Plots of sediment cores B1 and F1–F3 display grainsize 
distribution (clay, silt, sand), rounded average calibrated radio-
carbon (14C) macrofossil ages (left side of core profiles B1 and 
F2), bulk sediment 14C ages (at all core tops), porewater con-

tent (dashed and dotted line) and linescan photo images of the 
sediment cores. The grainsize composition and bulk 14C ages 
of the shoreline samples S1 and S2–S3 are displayed at the 
bottoms of the core profiles F1 and F3, respectively
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In core B1 of the bedfast-ice lake the lake sediment 
(36–0 cm and 69–59 cm) had an average clay content 
of 60% compared to the average floating-ice lake clay 
content of 30% (F1–F3). The average silt (37%) and 
sand contents (3%) in the lake sediment of core B1 
were lower than the averages of the floating-ice lake 
with 65% and 5%, respectively. The pocket with the 
homogenous deposit (59–36  cm depth) in core B1 
was dominated by silt (84%) with low contents in 
sand (6%) and clay (10%).

The average sediment porewater contents of the 
floating-ice lake cores F1 (36 wt%), F2 (42 wt%) 
and F3 (30 wt%) were in a similar range. The aver-
age porewater content in the lake sediment of core B1 
from the bedfast-ice lake was noticeably higher (49 
wt%). The sandy silt pocket in core B1 (59–39  cm) 
contained the least amount of porewater with an aver-
age of 22 wt%.

The average sediment density (1.6 g  cm−3) and MS 
(9  cm3  g−1) were higher in the floating-ice lake than in 
the lake sediment of the bedfast-ice lake core B1 with 

1.3 g  cm−3 and 8  cm3  g−1, respectively. The sandy silt 
pocket of core B1 (59–39 cm) was also distinguish-
able from the surrounding lake sediment by its higher 
average sediment density of 1.9 g  cm−3 (Fig. 3).

The Si/Al and Mn/Fe ratios of all four sediment 
cores had low, stable downcore values with two main 
exceptions (Fig.  3). Firstly, the sandy silt pocket 
in core B1 of the bedfast-ice lake had a consider-
ably higher Si/Al ratio with an average value of 14 
in comparison to the surrounding core B1 lake sedi-
ment with an average value of 8. Secondly, there was 
a strong difference in the Mn/Fe ratio within core F2, 
the lower core half (110–57 cm) had an average value 
of 0.02 while the top half (57–0  cm) had a signifi-
cantly higher average value of 0.14.

Sedimentary and dissolved organic matter

SOM content and porewater DOC concentrations 
were higher in the bedfast-ice lake in comparison to 
the floating-ice lake. The shoreline samples from the 

Fig. 3  Physical property plots for the cores B1 and F1–F3 dis-
play profiles of magnetic susceptibility (MS; solid dark line), 
gamma-ray density (ργ-ray; solid light line), manganese/iron 

ratio (Mn/Fe; dashed line) and silicon/aluminum ratio (Si/Al; 
solid, dotted line) based on XRF analyses
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floating-ice lake significantly varied in their LOI val-
ues. Sample S1 from the peaty, western shoreline was 
almost entirely made up of OM with a LOI value of 
73.3 wt% while the samples from the eastern shore-
line with the eroding yedoma plateau (S2 and S3) 
were both below 6 wt%. The low OM content at the 
yedoma permafrost cliff was also reflected in the LOI 
values of the sediment cores F1–F3 of the floating-ice 
lake with an average LOI for each core below 8 wt% 
(Fig. 4).

The lake sediment of core B1 from the bedfast-
ice lake had a considerably higher average LOI value 

with 28 wt% while the sandy silt pocket of core B1 
had an average of only 3 wt%. The differing amounts 
of SOM in the two different lakes were even stronger 
pronounced in the sediment porewater DOC con-
centrations. The combined average porewater DOC 
concentration across all three floating-ice lake cores 
(F1–F3) was 56  mg  L−1 while the lake sediment of 
core B1 (35–5  cm) had an average of 220  mg  L−1 
(Fig. 4). No or insufficient amounts of porewater were 
extracted from the sandy silt pocket of Core B1. In all 
four cores DOC concentrations increased with sedi-
ment depth.

Fig. 4  Carbon plots of the sediment cores B1 and F1–F3 show 
profiles for the loss-on-ignition (LOI; light and solid line), 
porewater dissolved organic carbon (DOC) concentrations 
(dark, solid and dotted line) and stable carbon isotope pro-
files of the DOC (δ13CDOC; dark, dashed and dotted line) and 
the soil organic carbon (δ13Corg; light and dashed line). These 
data are also displayed for the three shoreline samples S1 and 
S2–S3 in the geographically nearest sediment core profiles of 
core F1 and F3, respectively (see Fig. 1). DOC concentrations 

(filled circle) and δ13CDOC values (dashed circle) of lake water 
samples are displayed at the top of core B1 and F2, respec-
tively. The axes for DOC concentrations at the bedfast-ice lake 
(max. 320 mg  L−1) and the cores in the floating-ice lake (max. 
100 mg  L−1) cover different ranges due to strong differences in 
DOC values. The LOI axis of core F1 is extended and inter-
rupted to incorporate the high LOI value of shoreline sample 
S1
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Stable carbon isotope ratios of DOC and SOC in lake 
sediments

The δ13Corg values across the three cores of the 
floating-ice lake followed a general pattern from 
high values at the core bottom towards lower values 
at the core top (Fig.  4). The shoreline samples also 
differed strongly in their δ13Corg values from each 
other. Sample S1 from the peaty, western shore-
line had the lowest δ13Corg value with − 27.9‰, 
while the two shoreline samples S2 and S3 from the 
yedoma permafrost cliff had higher values of − 26.0 
and − 25.8‰, respectively. The difference in δ13Corg 
signatures between the shoreline samples S1 (peaty, 
west) and S2–S3 (yedoma, east) near the floating-ice 
lake was also reflected in the δ13Corg values of the 
three sediment cores with proximity (lower values) 
and distance (higher values) to the different shore-
lines. Within the floating-ice lake core F1 had the 
lowest average δ13Corg value (−  28.6‰), core F2 
had an average value of −  28.2‰ and core F3 had 
the highest average δ13Corg value with − 27.0‰. The 
average δ13Corg value in the lake sediment of core 

B1 from the bedfast-ice lake was considerably lower 
with − 30.1‰ in comparison to the combined aver-
age δ13Corg value of the cores F1–F3 (− 27.9‰). The 
sandy silt pocket of core B1 had an average δ13Corg 
value of − 29.1‰ (Fig. 4).

The porewater δ13CDOC profiles of the three cores 
in the floating-ice lake generally followed the same 
trend as the δ13Corg profiles with high values at the 
core bottom and low values at the core top. The high-
est average porewater δ13CDOC value was detected 
in core F3 with − 26.3‰, core F1 had an average of 
−  28.6‰ and core F2 had the lowest average with 
− 27.7‰. The average porewater δ13CDOC value 
in the lake sediment of core B1 was − 28.8‰, this 
was considerably lower than the combined floating-
ice lake δ13CDOC average of − 27.1‰. Additionally, 
δ13CDOC lake water samples were analyzed for cor-
ing site F2 with − 28.2‰ and coring site B1 with 
− 29.3‰ (Fig. 4). Generally, higher SOM abundance 
appeared to correlate with higher DOC concentra-
tions (Fig.  5a). Similarly, a direct relationship of 
higher δ13CDOC values with elevated δ13Corg values 
was also observed (Fig. 5b).

Fig. 5  Linear interpolations were used in between data points 
to create matching data pairs at certain sediment core depths. 
a Dissolved organic carbon (DOC) and loss-on-ignition (LOI) 
data of the cores F1–F3 (circles) and the lake sediment of core 
B1 (boxes) are plotted against each other. b The ratios of the 
stable carbon isotope signatures for SOC (sediment organic 

carbon) and DOC (δ13Corg and δ13CDOC) of the cores F1–F3 
and the lake sediment of core B1 are displayed. Additionally, 
δ13CDOC and δ13Corg data of Alaskan (Utqiaġvik) floating-ice 
lake sediment (Meisel et  al. 2021) are displayed for compari-
son (diamond icons)
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The value ranges of δ13Corg and δ13CDOC in the 
floating-ice lake developed mostly independent of 
SOM (LOI) abundances and DOC concentrations 
(Fig. 6a, b). The opposite trend was observed in the 
bedfast-ice lake where a larger variability in SOM 
(LOI) and DOC values did not appear to impact the 
value range of δ13Corg and δ13CDOC (Fig. 6a, b).

Radiocarbon ages of lake sediments

The most noticeable difference between the two lakes 
was the presence of young SOC in the bedfast-ice 
lake sediment, while the floating-ice lake sediment 
was dominated by considerably older SOC (Fig.  2; 
Table 2). The youngest bulk 14C age from the lakes 
was recorded at the top of sediment core B1 in the 
bedfast-ice lake with 1655 ± 60 yr BP, while the bulk 
average 14C age from the three core tops of the float-
ing-ice lake cores was much older at 4800 ± 490  yr 
BP (1σ, n = 3).

Furthermore, two macrofossil 14C age profiles 
were collected from the cores F2 and B1 for com-
parison of the lake ages. Core F2 had a chronological 
macrofossil 14C age profile from the bottom to the top 
with age ranges of 1611–1516  cal yr BP (111  cm), 
1356–1300  cal yr BP (79  cm) and 956–902  cal yr 
BP (1  cm). The macrofossil 14C age profile of core 
B1 from the bedfast-ice lake contained contemporary 

carbon, the yielded 14C ages and age ranges were of 
modern origin (post AD 1950) with − 5  cal yr BP 
(67 cm), − 67 to − 69 cal yr BP (32 cm) and − 50 to 
− 51 cal yr BP (1.5 cm).

The bulk shoreline sample S1 from the peaty west-
ern shoreline of the floating-ice lake yielded a 14C 
age of 3475 ± 70  yr BP. The two bulk samples S2 
and S3 from the yedoma permafrost cliff along the 
eastern shoreline of the same lake resulted in sig-
nificantly older 14C ages of 17590 ± 130  yr BP and 
28170 ± 290 yr BP, respectively.

Microbial diversity of two contrasting lakes

The NMDS of community distance matrices showed 
that the bacterial and archaeal community composi-
tions clearly differed between the two lakes (Fig. 7).

The bacterial community composition was most 
influenced by Mg  (r2 = 0.58), water depth  (r2 = 0.56), 
Al  (r2 = 0.52), and Cr  (r2 = 0.42) (Fig. 7, Supplemen-
tary Table  S1). The environmental parameters with 
the strongest correlation for the archaeal community 
composition were Cl  (r2 = 0.46), Mg  (r2 = 0.45), Rh 
 (r2 = 0.45) and Al  (r2 = 0.42) (Fig.  7, Supplementary 
Table S1). Overall, water depth and elemental compo-
sition appeared as the strongest factors for inter-lake 
microbial community diversity. It is noteworthy, that 
the sediment depth also appeared to strongly impact 

Fig. 6  Linear interpolations were used in between data points 
to create matching data pairs at certain sediment core depths. 
a  Sediment and soil organic carbon (SOC, soil-OC) stable 
carbon isotope signatures (δ13Corg) are plotted against loss-on-
ignition (LOI) data for cores B1 (boxes), F1–F3 (circles) and 

the shoreline samples S1–S3 (triangles). The horizontal LOI-
axis is interrupted between 40–70 wt%. b  Dissolved organic 
carbon (DOC) stable carbon isotope signatures (δ13CDOC) are 
plotted against DOC concentrations for the cores B1 (boxes), 
cores F1–F3 (circles) and two lake water samples (star icons)
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the archaeal and bacterial community composition in 
the floating-ice lake (especially cores F1 and F2) as 
indicated by the elongated cluster shapes which suc-
cessively follow the sampling depth (Fig.  7). These 
observations were also supported by noticeable dif-
ferences in the Shannon Diversity Index in both, the 
archaeal and bacterial communities, of the two lakes 
(Supplementary Fig. S2).

The distribution of the different archaeal taxo-
nomic levels of phylum (Supplementary Fig. S3), 
class (Supplementary Fig. S4), order (Supplementary 
Fig. S5), family (Supplementary Fig. S6), and genus 
(Fig. 8) are also displayed in more detail. In addition, 
the distribution of the anaerobic methane oxidiz-
ing archaeon Candidatus ‘Methanoperedens’ (Sup-
plementary Fig. S7) is shown separately. The distri-
bution of the bacterial taxonomic levels of phylum 

(Supplementary Fig. S8), class (Supplementary Fig. 
S9), order (Supplementary Fig. S10), family (Sup-
plementary Fig. S11) are also displayed in detail in 
the supplementary figures. In addition, the aerobic 
bacterial methane oxidizers of the Methylomona-
daceae family (Supplementary Fig. S12) are shown 
separately.

We observed 1142 bacterial ASVs across all sam-
ples. The bacterial communities were dominated by 
Proteobacteria (44.0%), Bacteroidota (23.3%), Chlor-
oflexi (5.9%), and Acidobacteriota (3.0%) across 
all sediment cores (Supplementary Fig. S8). In the 
three floating-ice lake sediment cores the most abun-
dant bacterial orders were Burkholderiales (36.0%), 
Bacteroidales (13.0%), Sphingobacteriales (4.1%), 
Caulobacterales (3.1%), Spirochaetales (3.0%), and 
Campylobacterales (3.0%) while in the bedfast-ice 

Table 2  Overview of the radiocarbon (14C) analyses of the sediment cores B1 and F1–F3 and the shoreline samples S1–S3.

The three calibrated 14C age ranges of core F2 were calculated with IntCal20 (Reimer et al. 2020) while the negative calibrated age 
ranges of core B1 were calculated with the NHZ1 data set (Reimer et al. 2004)

Location Sample name Lab no. ETH- Core depth (cm) Material 14C age (yr BP) Age 
uncer-
tainty (yr)

Calibrated 14C 
age, 2–σ range 
(cal yr BP)

Bedfast-ice lake B1 97289 1 Bulk sediment 1655 60 –
B1 97302 1.5 Brown moss 

leaves and 
stems

− 725 20 − 50 to − 51

B1 97305 32 Brown moss 
leaves and 
stems

− 115 20 − 67 to -69

B1 97303 67 Brown moss 
leaves and 
stems

− 5 20 − 5

Floating-ice 
lake

F1 97291 0.5 Bulk sediment 4950 70 –
F2 97290 0.5 Bulk sediment 4130 70 –
F3 97292 0.5 Bulk sediment 5315 80 –
F2 97300 1 Brown moss 

leaves and 
stems

1000 20 956 to 902

F2 97301 79 Brown moss 
leaves and 
stems

1440 20 1356 to 1300

F2 97298 111 Brown moss 
leaves and 
stems

1665 25 1611 to 1516

Shoreline sam-
ples

S1 97295 (See Table 1 
for sampling 
locations)

Bulk peat soil 3475 70 –
S2 97294 Bulk yedoma 

soil
17590 130 –

S3 97293 Bulk yedoma 
soil

28170 290 –
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lake the orders of Burkholderiales (31.5%), Bacte-
roidales (21.7%), Flavobacteriales (7.4%), Anaerolin-
eales (4.9%), and Pseudomonadales (3.3%) were most 
dominant (Supplementary Fig. S10). We detected 
sequences of the aerobic methanotrophic genus Meth-
ylobacter of the Methylomonadaceae family in all 
sampled cores (Supplementary Figs. S11–12).

The archaeal community was dominated by Eur-
yarchaeota (49.0%), Bathyarchaeota (26.7%), Woe-
searchaeota (DHVEG-6) (14.4%), Thaumarchaeota 
(3.8%), and Altiarchaeales (1.3%) (Supplementary 
Fig. S3). However, the bedfast-ice lake samples 
showed a significant difference in their archaeal com-
munity composition compared to the floating-ice lake 
(envfit; P < 0.05, Figs. 7 and 8). We observed several 
methanogenic orders, including, Methanomicrobiales 
and Methanosarcinales (Supplementary Fig. S5). The 
abundance of these orders varied strongly, for exam-
ple for Methanosarcinales, with 77.2% in core B1 at 
50 cm depth (sandy silt), and 13.4% in sediment core 
F1 at 55 cm depth (Supplementary Fig. S5).

In both lakes, aceticlastic Methanosaeta, aceticlas-
tic and methylotrophic Methanosarcina and hydrog-
enotrophic methanogens were observed in the meth-
anogenic communities (Fig.  8). The methanogenic 

communities of the bedfast-ice lake and floating-ice 
lake differed in the most abundant methanogenic 
genera.

In the bedfast-ice lake the methanogenic commu-
nity was dominated by the hydrogenotrophic Rice 
Cluster II, Methanosaeta, Methanosarcina and Meth-
anobacterium, while the cores from the floating-ice 
lake showed a dominance of Methanoregula, Metha-
nosaeta, Rice Cluster II and Methanomicrobiaceae 
(Fig. 8).

In the bedfast-ice lake core B1, the archaeal com-
munity profiling also showed the presence of the 
anaerobic methanotrophic archaeon Ca. ‘Methanop-
eredens’ with varying relative abundances of 1.6% 
(0.5 cm, lake sediment) and 65.8% (50 cm, sandy silt) 
within the Euryarchaeota (Fig. 8, Supplementary Fig. 
S7). Ca. ‘Methanoperedens’ was also present in the 
top 10 cm of core F3, but especially in the top 30 cm 
of core F2 (Fig.  8 and S7). These archaea oxidize 
methane at the expense of nitrate, Fe(III) or Mn(IV) 
(Haroon et al. 2013; Cai et al. 2018; Leu et al. 2020); 
from the phylotype, however, it was not possible to 
deduce which substrate they used at this particular 
site. However, Ca. ‘Methanoperedens’ was mostly 
absent or present in low abundances (< 1%) in 48 out 

Fig. 7  Non-metric multidimensional scaling (NMDS) plots of 
the microbial community diversities with clusters for the sedi-
ment cores F1 (no fill, light outline), F2 (light fill), F3 (dark 
fill), B1 Lake sediment (dark outline), B1 Sandy silt (light and 
dashed outline). The environmental parameters include the 
(XRF-based) elements Mg, Al, Si, S, Cl, K, Cr, Mg, Al, Si, 

S, Cl, K, Cr, Zn, Rh, Ba as well as lake water depth (Depth), 
magnetic susceptibility (MS), loss-on-ignition (LOI) and 
δ13Corg. a The bacterial community plot additionally includes 
the (XRF-based) elements Mn and Ni as environmental param-
eters while b the archaeal plot additionally contains the (XRF-
based) element Ca
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Fig. 8  Diversity plot of relative archaea genus abundances in sediment cores B1 and F1–F3 with a colormap from Crameri (2021). 
‘Unknown’ here indicates taxa that belong to undescribed genera within higher level orders of Archaea 
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of 56 floating-ice lake samples (Fig.  8 and S7). No 
other archaeal methanotrophs were found.

Discussion

Lake sediment dynamics

The visual sediment properties within the floating-ice 
lake (F1–F3) are variable due to different proximities 
of the individual coring sites to the shorelines (peaty 
vs. eroding yedoma permafrost cliff) and differing 
lake depths (Fig.  1). The biogeochemical properties 
in the sediments of the bedfast-ice lake (B1) and the 
floating-ice lake (F1–F3) additionally differ. Partially, 
this is likely due to the different environmental con-
ditions and temperatures at the lakebeds due to the 
presence or absence of a talik.

One main difference in sedimentation between the 
core sites is the high average clay content at site F2 
(37.8 ± 9.8%, n = 15) in comparison to the cores F1 
(26.4 ± 5.0%, n = 10) and F3 (22.5 ± 4.8%, n = 10) 
within the floating-ice lake. This difference is likely 
due to an increased share of suspension-driven parti-
cle deposition at the deep core site F2 opposed to the 
transport of larger sediment particles through wave-
induced motion that is naturally more pronounced at 
the shallower core sites F1 and F3 (Fig. 2). The sus-
pension-driven sedimentation at coring site F2 is also 
a direct effect of the longer distance to the shorelines 
(Fig. 1). Over time, the floating-ice lake steadily grew 
through horizontal shoreline erosion and subsidence 
through vertical talik growth. At a certain critical 
water depth suspension-driven clay sedimentation 
became dominant at the F2 core site which is visible 
through an increased entry of the clay component 
and a decrease in sand particles from 60–0 cm depth 
(Fig. 2).

Ratios of Mn/Fe are widely used in lake studies as 
semi-quantitative proxies for past changes in redox 
and hypolimnic conditions (Simola 1983; Bouchard 
et  al. 2011; Biskaborn et  al. 2013) since both Mn 
and Fe are highly redox-sensitive (Davison 1993; 
Bouchard et  al. 2011). Usually, the presence of Mn 
in lake sediments indicates well-oxygenated condi-
tions of bottom waters and sediment surfaces (Davi-
son 1993) where Mn-bearing minerals authigenically 
precipitate and accumulate (Bouchard et  al. 2011). 
In contrast, the presence of Mn in core F2 (57–0 cm, 

6.5 m water depth) might be an indication for season-
ally hypolimnic conditions in winter near the deepest 
point (6.9  m) of the floating-ice lake (Fig.  3). Mn-
bearing minerals at the lakebed would not be stable 
in stratified and hypolimnic conditions and dissolve in 
the absence of oxygen. A process called ‘geochemical 
focusing’ during which cold and heavy bottom water 
enriches in dissolved Mn at the deepest part of a lake 
with Mn from the shallower lake sections (Schaller 
and Wehrli 1996) could provide an explanation. 
During spring melt, ice breakup and incipient wave 
motion, oxygen is reintroduced to the bottom water 
and the dissolved Mn might precipitate as part of var-
ious compound minerals (Davison 1993; Scholtysik 
et al. 2020; Makri et al. 2021). With high sedimenta-
tion rates through shoreline erosion, such precipitated 
Mn-bearing minerals might be quickly buried in the 
lake sediment. Across all four sediment cores of this 
study, Mn was only detected in considerable amounts 
at this deepest part of the floating-ice lake at core 
site F2 (57–0 cm). This suggests that the Mn/Fe ratio 
may here be an indicator for at least seasonally anoxic 
conditions (Fig. 3), however, more data are needed to 
confirm this hypothesis.

Another interesting feature is the sandy silt pocket 
that was deposited in the bedfast-ice lake at cor-
ing site B1. Since the sandy silt pocket is under- and 
overlain by lake sediment, a significant physical force 
had to be present to put the coarse-grained deposit 
in place. Therefore, it can be assumed that it is of 
allochthonous origin. Possible explanations for its 
formation might range from sediment erosion and 
depositions through ice rafts, sudden lake drainage 
with erosion and redeposition through strong water 
currents (Jones and Arp 2015) or cryoturbation pro-
cesses in the subsoil that pushed the silt deposit into 
its current position (Ballantyne 2018; French 1996). 
The origin of this sandy silt deposit is not the focus 
of this study and is therefore not discussed in further 
detail.

Si/Al ratios are generally used as indicators for 
changes in sediment sources over time. A higher 
value indicates an increase in the relative abundance 
of silica minerals like quartz  (SiO2) which are of ter-
restrial origin (Aniceto et al. 2014; Ulrich et al. 2021) 
and usually a by-product of erosion processes. The 
grainsize distribution, ργ-ray and Si/Al ratio (Fig.  3) 
all suggest an overall high and steady contribution 
of mineral, silica-bearing material (likely from the 



256 Biogeochemistry (2023) 165:239–263

1 3
Vol:. (1234567890)

eroding yedoma permafrost cliff) into the floating-ice 
lake sediment at all three core sites (F1–F3) in com-
parison to the bedfast-ice lake. The lake sediment 
of the bedfast-ice lake (B1) contains by comparison 
much less silica material indicated by a noticeably 
lower Si/Al ratio, overall lower density (Fig.  3) and 
lower sand and silt contents (Fig. 2). This observation 
does not take the sandy silt pocket of core B1 from 
the bedfast-ice lake into account since it is most likely 
of allochthonous origin.

Carbon age, origin and degradation in the 
thermokarst lake sediments

The eroding yedoma permafrost cliff (S2, S3) con-
tains old OC of Late Pleistocene age that slumps into 
the floating-ice lake (Fig. 1). Similar Late Pleistocene 
14C age ranges (20,829 to 31,745  cal yr BP) were 
measured by Weiss et al. (2015) along the same cliff. 
Consequently, considerably older SOC is present in 
the floating-ice lake sediments in comparison to the 
bedfast-ice lake sediments. This is reflected in both, 
the bulk and negative macrofossil 14C ages of core 
B1 (Fig.  2; Table  2). This observation is also sup-
ported by Dean et al. (2020) who studied 14C ages of 
DOC, particulate organic carbon, dissolved  CO2 and 
dissolved  CH4 from the same two lakes. The bedfast-
ice lake appears to receive the bulk of its SOC from 
the surrounding peaty soils and tundra vegetation 
which contains mainly contemporary carbon, which 
is especially reflected in the negative (post AD 1950) 
macrofossil 14C ages (Fig. 2; Table 2). The strong dif-
ferences between the macrofossil and bulk 14C ages 
from the tops of the cores B1 and F2 are also note-
worthy. It shows that younger, contemporary and 
older, reworked carbon clearly stem from different 
sources, most likely from the peaty tundra soil and 
tundra vegetation (contemporary), and the yedoma 
cliff and other subsoils (old), respectively. Generally, 
the presence of old OC (to different degrees) at the 
top of all sediment cores, in both the macrofossil and 
bulk samples, is a representation of the continuous 
erosion of old carbon along the lake shorelines and its 
mixing and deposition in the lake sediments.

The δ13Corg and δ13CDOC values of the bedfast-ice 
lake are considerably lower than in the floating-ice 
lake (Fig.  4), and their relationships with the cor-
responding carbon concentrations and abundances 
also differ between the two systems (Fig. 6a, b). The 

concentration of porewater DOC in the sediment 
across all lakes was found to be strongly related to the 
amount of available SOM (Fig. 5a), with higher DOC 
concentrations for the bedfast-ice lake and lower for 
the floating-ice lake. Similarly, the sediment pore-
water δ13CDOC values correlated positively to δ13Corg 
values of the lake sediments (Fig.  5b). The bedfast-
ice lake has distinctly different sedimentary carbon 
characteristics with up to three times higher LOI 
values as well as DOC concentrations and consider-
ably lower δ13CDOC and δ13Corg values than the cores 
F1–F3 from the floating-ice lakes (Fig.  6a,b). Inter-
estingly, the measured δ13Corg values of the cores F1 
and F2 in the floating-ice lake are rarely lower than 
− 29‰. A similar observation was also made for lake 
sediment δ13Corg values from two floating-ice lakes 
near Utqiaġvik, Alaska (Meisel et al. 2021) (Fig. 5b). 
These similar δ13Corg values in both the Siberian and 
Alaskan samples might suggest, that the SOC at these 
core sites might have undergone a similar degree of 
degradation under similar floating-ice conditions. 
This observation is especially noteworthy, since the 
two Alaskan lakes are not bordering an actively erod-
ing yedoma cliff with Pleistocene-aged OM but have 
a very similar setting to the Siberian bedfast-ice lake 
of this study in a flat tundra landscape with charac-
teristic tundra vegetation. This might be an indication 
that the lake ice regime also plays an important role 
in how OM in thermokarst lakes is decomposed. Lake 
sediments in floating-ice lakes remain unfrozen year-
round which facilitates OC degradation. Under these 
conditions the most easily degradable, volatile, and 
12C-enriched OC components might be preferentially 
processed and removed while more 13C-enriched OC 
might remain in the sediment or porewater (Ågren 
et al. 1996). Bedfast-ice lakes, on the contrary, have 
frozen lakebeds in winter. This reduces the over-
all levels of OC degradation through a more limited 
time window for microbial activity due to lower soil 
and sediment temperatures in winter (Thornton et al. 
2015; Wik et al. 2016), this might here be reflected in 
the lower δ13Corg value range of the core B1 lake sedi-
ment (− 30.4 to − 30.0‰).

The differences in δ13Corg and δ13CDOC values 
between both lakes and within the floating-ice lake 
are certainly also influenced by their SOM ori-
gin, which is reflected in the δ13Corg range of the 
shoreline samples consisting of peat (−  27.9‰) 
or yedoma (−  26.0‰ and − 25.8‰). The lake 
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sediment of core B1 in the bedfast-ice lake has a 
low δ13Corg value range (− 30.4 to − 30.0‰, range 
0.4‰). This indicates a more homogenous OC 
source and limited fractionation by OM decompo-
sition. On the contrary, the sediment cores of the 
floating-ice lake show greater δ13Corg variability 
(− 29.1 to − 26.5‰, range 2.6‰) which may point 
towards the input of OC from different and hetero-
geneous sources. A complicating factor is that these 
different OC sources may already exhibit different 
degrees of carbon degradation prior to the second-
ary deposition as lake sediment. Weiss et al. (2015) 
found that, at the same Kytalyk field site, the soil-
OM of the Late Pleistocene yedoma plateau (S2 
and S3) has undergone considerably higher degrees 
of decomposition than the surrounding younger 
soil-OM of the peaty tundra landscape (S1) based 
on lower soil-OM contents, lower C:N ratios and 
higher δ13Corg values. Especially, deeper layers rich 
in OC, such as buried peat or cryoturbated layers, 
were relatively well preserved and undecomposed in 
comparison to the yedoma soils (Weiss et al. 2015).

In summary, the observed patterns in LOI, DOC, 
δ13Corg and δ13CDOC in the lake sediments of our 
study can be explained by a combination of different 
sediment source inputs and varying intensity of (prior 
or in  situ) degradation processes. These differences 
between the two lakes are summarized in the sche-
matic overview of Fig. 9 which outlines how the dif-
ferent seasons, lake depths and shorelines impact the 
OC dynamics. Future studies of lake sediments at this 
field site would benefit from additional data like C:N 
ratios and molecular analyses to better differentiate 
the lake sediment composition with regard to poten-
tial aquatic primary production of OM in the lake sys-
tems and differences in SOM decomposition. To what 
extent primary production of OM within the lake con-
tributed to the lake SOC pool was not quantified here. 
Aquatic production in thermokarst lakes can be sig-
nificant with increases in nutrient supply (Bouchard 
et al. 2017) and offset the GHG release from the lake 
systems over millenial timescales (Walter Anthony 
et  al. 2014). However, primary production of high 
latitude lakes is known to be low due to the cold 

Fig. 9  Schematic overview of field site for both lakes during 
summer and winter season. The lake bathymetry cross sections 
of both lakes are based on the original bathymetry maps in 
Fig. 1 (exported from QGIS) along the profiles A−B (bedfast-
ice lake) and C−D (floating-ice lake). The lake widths, lake 
depths and sediment core lengths are displayed in correct scale 
and proportion relative to both lakes. Bulk 14C ages are dis-
played for all sediment core tops (F1–F3 average) and shore-

lines samples. Loss-on-ignition (LOI) and stable carbon iso-
tope values of the soil organic carbon (soil-OC) and sediment 
organic carbon (SOC) (δ13Corg) are displayed as averages for 
the lake sediment of the bedfast-ice lake (B1) and all cores of 
the floating-ice lake (F1–F3). The irregular-shaped icons along 
the lake shorelines in summer represent erosion of shoreline 
material into the lake
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temperature conditions and short summer seasons 
(Shaver and Chapin 1991; Hinkel et  al. 2003; Lenz 
et  al. 2016) and is therefore unlikely to be a major 
contributor of OM to the lakebeds. Manasypov et al. 
(2022) also pointed out that OM input into thermo-
karst lakes in Western Siberia appeared to be domi-
nated by allochthonous materials that were drowned 
below the lakebed and eroded along the shorelines.

Differences in microbial communities between two 
contrasting thermokarst lakes

The bedfast-ice and floating-ice lake show significant 
differences in their archaeal and bacterial commu-
nity compositions. Based on the NMDS analysis both 
communities were significantly influenced by the 
differences in mineral sediment components (XRF), 
SOM content (LOI), OC sources (δ13Corg), the lake 
type (water depth) and sediment depth (Fig. 7). The 
overarching factors that are most likely to explain the 
differences in lake sediment microbial community 
composition are the lake ice regime (i.e., tempera-
ture-driven) and the sediment source (i.e., nutrient-
driven). Firstly, the lake ice regime determines the 
prevailing lake sediment temperature throughout the 
long winter season which is a main driver for sedi-
mentary microbial activity (Wik et al. 2014; Thornton 
et  al. 2015). In floating-ice lakes this is year-round 
above freezing temperatures, while in bedfast-ice 
lakes this is only above freezing temperatures in sum-
mer. Secondly, the varying sediment sources from 
eroding shorelines (peaty tundra soil vs. yedoma soil) 
act as the main nutrient and OM supplies (Fig.  9) 
and microbial growth is highly dependent on nutri-
ent availability (de Jong et al. 2018). In this study we 
could, however, not quantify to which degree each 
of these factors impacted the microbial community 
composition.

It is also noticeable, that significant shifts in the 
composition of both, archaeal and bacterial commu-
nities appear to take place with increasing sediment 
depth within each individual core of the floating-
ice lake, as displayed by the elongated core clusters 
(F1-F3) of the NMDS (Fig.  7). This might be an 
expression of the talik presence and the clearly strati-
fied and heterogenous sediment layers, especially in 
cores F1 and F2. The same trend cannot be observed 
for the lake sediment of core B1 from the bedfast-
ice lake. Here, a less pronounced down-core profile 

in microbial community variability is observed, this 
might be due to the colder environmental conditions, 
which are here a more restricting factor for microbial 
growth in the overall more homogenous lake sedi-
ments (B1).

Because microbial activity data are not avail-
able for this study, any explanations for the observed 
differences in microbial community compositions 
between the two lakes remain to a certain degree 
speculative. However, as there are clear differences 
in the methanogenic and methanotrophic commu-
nities in the lakes, as well as the SOM content, it is 
likely that methane dynamics in each of the stud-
ied lakes are also different. While both lakes har-
bor archaea capable of aceticlastic and hydrogeno-
trophic methanogenesis, the genus of Rice Cluster 
II is more abundant in the bedfast-ice lake (Fig.  8). 
In contrast, Methanoregula is more abundant in the 
floating-ice lake (Fig. 8). Sediment incubations from 
Alaskan thermokarst lakes have indicated, that the 
abundance of Rice Cluster II and Methanoregula 
are often related to hydrogenotrophic and methylo-
trophic methanogenesis (de Jong et  al. 2018). How-
ever, the presence of Methanosaeta and Methano-
sarcina could also indicate potential aceticlastic and 
methylotrophic methanogenesis (Fig.  8). The large 
diversity of methanogenic species in the two lakes 
of this study might support the potential capacity for 
aerobic methanotrophy by Type I methanotrophs, 
belonging to the family of Methylomonadaceae, and 
anaerobic methanotrophy by Ca. Methanoperedens 
species coupled to either nitrate, Fe(III) or Mn(IV) 
reduction in both lakes. Particularly, in the bedfast-
ice lake sequences of the genus Ca. Methanoperedens 
were highly abundant. Within this genus, Ca. Metha-
noperedens nitroreducens is commonly observed in 
thermokarst lake sediments (Matheus Carnevali et al. 
2018; de Jong et al. 2018; Kallistova et al. 2021) and 
has also been associated with high in  situ anaerobic 
methane oxidation rates in sediments of thermokarst 
lakes (Winkel et  al. 2019). Interestingly, the anaero-
bic methane oxidizers were less abundant in the float-
ing-ice lake, which could indicate a loss of anaerobic 
methane oxidation under these warmer conditions 
(Fig. 8). Further studies (incubations, microbial activ-
ity, nutrient availability) comparing the different lake 
types are needed to fully explain the observed differ-
ences in microbial community compositions observed 
in this study.
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Conclusions

Here, we investigated two Siberian thermokarst 
lakes with distinctly different (i) geographic settings 
(flat tundra vs. yedoma permafrost cliff) impacting 
the quantity and quality of sedimentary sources, as 
well as (ii) maximum lake depths (2.8 m vs. 6.9 m) 
impacting the prevailing ice regime and subsequently 
lake sediment temperatures in winter.

The floating-ice lake near the permafrost cliff has 
high contributions in mineral sediments and receives 
OC of Late Pleistocene age while the bedfast-ice lake 
is likely dominated by soil-OM of modern origin. The 
δ13Corg and δ13CDOC values of the floating-ice lake are 
higher than in the bedfast-ice lake, which we interpret 
as an indication for the presence of more degraded 
SOC in the floating-ice lake sediment likely due to 
both, higher rates in (microbial) OC degradation, and 
the input of older, already degraded OC from an erod-
ing yedoma shoreline.

The diversity in geochemical parameters and 
carbon properties across the two lakes is also well 
reflected in the microbial community composition. 
The differences were particularly pronounced in the 
taxonomic groups responsible for methane cycling, 
which could potentially influence methane fluxes 
from thermokarst lakes.

The observed differences across the lakes are likely 
an expression of two main factors. Firstly, the differ-
ent lake depths with associated ice regimes (Fig.  9) 
that likely led to conditions of reduced OM decompo-
sition (bedfast-ice lake) vs. increased OM decomposi-
tion (floating-ice lake). Secondly, the source material 
from the different eroding shorelines (contemporary, 
organic-rich, peaty soil vs. Late Pleistocene-aged 
yedoma soil) was reflected in the lake sediment com-
position and thereby also the supply of nutrients and 
OM (Fig. 9), which are key drivers for the growth of 
microbial communities. Even though this study can-
not quantify to what degree these two drivers impact 
the carbon dynamics and microbial communities in 
thermokarst lake sediments, they are likely the keys 
to understand how thermokarst lakes process OC.

In the future, a rising number of bedfast-ice lakes 
is expected to shift their ice regime to floating-ice, if 
the current trajectory of Arctic warming continues 
(Arp et  al. 2012, 2016), this is highly likely to also 
increase levels of erosion along thermokarst lake 
shorelines. Both of these developments would likely 

increase the level to which sedimentary OM decom-
position in lake taliks can take place, which in turn 
might impact the potential for increasing GHG emis-
sions from Arctic thermokarst lakes (Manasypov 
et al. 2022).
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