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Abstract. Western Siberian peatlands are among the largest
peatland complexes in the world and play a crucial role in
regulating the global climate. However, a lack of long-term,
multi-proxy studies comprehensively examining the interac-
tions between permafrost thaw and peatland ecosystems in
Western Siberia hinders the ability to predict their response to
future climate change. This research covers two centuries of
the Khanymei peatlands history, situated within the discon-
tinuous permafrost zone. In this study, a multi-proxy anal-
ysis (testate amoebae, plant macrofossil, pollen, micro- and
macrocharcoal, loss on ignition) was conducted on two peat
cores – one from a peat plateau and another from the edge
of a thermokarst lake. We inferred peatland drying from the
end of the Little Ice Age. The elevated peat plateau facilitated
the aggradation of permafrost, which began to thaw in recent
decades due to rising air temperatures, increasing peat mois-
ture. The lake edge was the most dynamic part of the peat-
land, where more notable changes in hydrology, vegetation,
and microbial composition occurred. Thawing led to signif-
icant Sphagnum growth and a shift in the testate amoebae
community structure. We reconstructed the effects of per-
mafrost thawing that resulted in a substantial but short-term
and local increase in peat and carbon accumulation and an
increased abundance of fungal communities. Our study re-
veals that thaw-induced terrain subsidence was subtle and
spatially variable, yet these localized surface changes trig-
gered complex hydrological, vegetational, and microbial re-
sponses, highlighting the nonlinear and multifaceted nature
of permafrost degradation. The advantage of our research

lies in the utilization of multi-proxy high-resolution palaeoe-
cological techniques, enabling us to monitor even relatively
minor permafrost transformations and identify early warning
signals of climate-induced impacts on this invaluable ecosys-
tem. We anticipate that further warming will contribute to
the occurrence of these processes on a larger scale in West-
ern Siberian peatlands, potentially significantly impacting
ecosystem conditions and the global climate.

1 Introduction

Peatlands of Western Siberian Lowlands cover 592 440 km2,
with many underlain by permafrost (Sheng et al., 2004).
Since the early Holocene, this region has been a carbon diox-
ide sink and during the last 11 ka has accumulated 70.2 Pg C,
∼ 26 % of all terrestrial carbon stored (Smith et al., 2004).
Around half of this soil organic carbon is accumulated in
permafrost-affected peat, making it vulnerable to climate
change (Hugelius et al., 2020). Recent studies suggest that
since 1979 CE, the Arctic has experienced warming almost
four times as fast as lower latitudes due to a phenomenon
known as Arctic amplification (Hantemirov et al., 2022;
Rantanen et al., 2022; IPCC, 2023). Arctic warming accel-
erates permafrost thawing and significantly impacts Western
Siberia, particularly peatland ecosystems (Hantemirov et al.,
2022).

Permafrost peatlands are a unique environment with com-
plex relationships between hydrological conditions, vegeta-
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tion structures, peat accumulation and related carbon bal-
ance. The complexity of these interactions intensifies with
permafrost thawing; however, many aspects remain unclear.
During phases of stable permafrost, cold conditions make or-
ganic carbon relatively inactive (Swindles et al., 2015). In-
creased temperatures impact permafrost peatlands by induc-
ing permafrost thaw, which leads to the release of little de-
composed organic matter, and by triggering the activation
of anaerobic decay processes (Jeong et al., 2018; Karlsson
et al., 2021). The microbial decomposition of accumulated
peat contributes to an increase in carbon dioxide (CO2) and
methane (CH4) emissions from peatlands, which have posi-
tive feedback on climate (Jeong et al., 2018).

Thawing permafrost leads to an increase in the moisture
content of the overlying peat layer. The increased water vol-
ume in circulation contributes to hydrologic modifications,
especially in surface and subsurface hydrology of permafrost
areas (Walvoord and Kurylyk, 2016). The enhanced wet-
ness alters the thermal conductivity of peat (Kujala et al.,
2008), diminishing peat insulation properties and facilitat-
ing easier and deeper heat penetration of underlying per-
mafrost. This process creates a positive feedback loop, lead-
ing to further permafrost thawing and the amplification of
climate warming (Schuur et al., 2015). A clear indication
of thawing is an increase in active layer thickness (ALT),
which has changed by 0.4 m in the Russian Arctic since
1990 CE (Smith et al., 2022). The changes in ALT lead to ter-
rain subsidence (Ekici et al., 2019; O’Neill et al., 2023) and
affect thermokarst lakes, a prominent feature of the West-
ern Siberia landscape (Kremenetski et al., 2003). Initially,
increased water supply leads to lake formation and expan-
sion (Fewster et al., 2022; Luoto and Seppälä, 2003). How-
ever, new outflow channels created by continued permafrost
degradation and increased evapotranspiration contribute to
rapid lake drainage and disappearance (Webb and Liljedahl,
2023). This trend is visible especially in discontinuous and
sporadic permafrost zones (Smith et al., 2005), where fur-
ther thawing may shift these regions from surface water-
dominated to groundwater-dominated systems (Frey et al.,
2007).

The processes that are now observed in the Arctic-Boreal
ecosystems are complex, scale-dependent, and determined
by local conditions. The surface of permafrost peatlands of-
ten consists of microhabitats (palsa/peat plateau – depres-
sion), which are a result of complex interactions between
vegetation growth, moisture, decomposition, peat accumu-
lation, and permafrost (Nungesser, 2003; Rydin and Jeglum,
2013). The heterogeneous nature of permafrost peatlands fa-
cilitates the occurrence of various processes within short dis-
tances, which makes it difficult to predict how these peat-
lands will react to current warming (Sim et al., 2021). Nu-
merous studies have emphasized their crucial role in global
climate dynamics; however, these ecosystems remain unrep-
resented in climate models (Fewster et al., 2022; Sim et al.,
2021; Swindles et al., 2015; Zhang et al., 2022).

The hydrological conditions of permafrost-affected peat-
lands following thaw will vary widely, and the trajectory of
these changes is uncertain (Sim et al., 2021). As permafrost
thaws, the destabilization of characteristic landscape features
will lead to the formation of water-saturated areas with melt-
ing ice and elevated seasonal water tables (Sannel and Kuhry,
2011; Swindles et al., 2015). However, increased tempera-
tures will also drive higher evapotranspiration rates, poten-
tially causing drier conditions in certain areas depending on
the microhabitat type and the season (Lawrence et al., 2015;
Spiller et al., 2025). Bogs and fens may experience drier
surface layers, particularly in summer, while faster drainage
could occur following the thaw of ground ice (Sannel and
Kuhry, 2011; Spiller et al., 2025). Observations already show
that northern peatlands respond in diverse ways to warming,
with no single, uniform trend of either wetting or drying (Sim
et al., 2021; Zhang et al., 2022).

Many studies have indicated that permafrost thaw will
have a beneficial effect on vegetation productivity in Arctic-
Boreal ecosystems, causing so-called greening (Myers-
Smith et al., 2020) and increased carbon accumulation (Hef-
fernan et al., 2020). Greening dominates in northern regions,
in Western Siberia above 64° N (Miles and Esau, 2016). Re-
gions further south experience browning, characterized by
decreased productivity (Miles and Esau, 2016; Phoenix and
Bjerke, 2016), associated with disturbances such as drought
(Magnússon et al., 2023), water stress (Li et al., 2021), insect
outbreaks (Kurz et al., 2008) or wildfires (Zoltai et al., 1998).
The transitional zone between these greening-dominated and
browning-dominated regions is of particular interest, as it
may reflect early signals of ecosystem change. Our study fo-
cuses on the permafrost peatlands, located within this transi-
tional zone, which may indicate that some parts of these peat-
lands have already surpassed the period of post-thaw benefi-
cial enhanced plant productivity (Ogden et al., 2023; Phoenix
and Bjerke, 2016).

Palaeoecological reconstructions provide invaluable infor-
mation about past environmental conditions and ecosystem
responses to past climate changes (Bottjer, 2016). This is par-
ticularly important because palaeoecological records cover a
much longer timeframe than observational data and, when
using a multi-proxy approach, can offer a more comprehen-
sive understanding of past ecosystem dynamics (Chambers
and Charman, 2004). Different palaeoecological proxies can
provide insights into peatland moisture conditions (Halaś et
al., 2023; Lamentowicz et al., 2015), local (Feurdean et al.,
2019; Volkova et al., 2019), and regional vegetation compo-
sition (De Klerk et al., 2009; Novenko et al., 2023) and fire
activity (Conedera et al., 2009; Feurdean et al., 2019).

Western Siberian peatlands have been the subject of a
spare number of studies comprehensively reconstructing
their history (Beilman et al., 2009; Feurdean et al., 2019,
2020, 2022; Kurina et al., 2023; Lamentowicz et al., 2015;
Peteet et al., 1998; Philben et al., 2014; Tikhonravova et al.,
2023; Willis et al., 2015). Due to the vast area and chal-
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lenging accessibility of Western Siberian peatlands, Russian
paleoecologists began studying them in the early 20th cen-
tury (Kremenetski et al., 2003). Most early research focused
on peatland distribution, peat thickness, basal age, and fossil
pollen and plant records (Kremenetski et al., 2003; Neustadt,
1967). More recent studies have focused on multi-proxy
analyses (e.g., Feurdean et al., 2019; Kurina et al., 2023;
Lamentowicz et al., 2015), vegetation reconstructions (Peteet
et al., 1998; Philben et al., 2014; Tikhonravova et al., 2023),
and carbon accumulation (Beilman et al., 2009). Fire his-
tory has also been investigated (Feurdean et al., 2020, 2022),
while testate amoebae have been used to reconstruct peat-
land hydrology in only a few studies (Feurdean et al., 2020;
Kurina et al., 2023; Lamentowicz et al., 2015; Willis et al.,
2015). Due to the large area of the region, in situ data are
primarily available from more accessible areas, emphasizing
the need for further investigation. Despite an increase in pub-
lications on Western Siberian peatlands in recent decades, re-
search in this region is expected to decline in the near future
due to ongoing accessibility challenges (Schuur et al., 2024).
Our research presents new insight into the history of peat-
lands in a poorly explored region of Western Siberia. The
presented data covers an important period from the end of
the Little Ice Age to modern times, providing information on
how Khanymei peatland ecosystems and peatland’s micro-
habitats have responded to recent warming.

Our study aimed to reconstruct past environmental
changes on peatlands from the discontinuous permafrost
zone based on two cores. The main objectives were to (1) re-
construct the 200-year history of Khanymei peatlands using
a multi-proxy approach; (2) analyse differences in biological
responses of peatland microhabitats to permafrost thaw; and
(3) identify patterns of the progressive permafrost degrada-
tion in discontinuous permafrost zone.

2 Study area

The study area is located near Khanymei (Yamal-Nenets Au-
tonomous District) (Fig. 1). The studied peatlands are situ-
ated at the northern border of the boreal forest taiga zone,
which includes woodlands and open stands (Fig. 1b). Due
to the presence of discontinuous permafrost, palsa and peat
plateaus (with a frozen core) surrounded by thermokarst
lakes are a characteristic feature of the study area.

The studied region has a boreal climate with short, cool
summers and long, cold, snowy winters (Peel et al., 2007).
The mean annual air temperature is between −3.5 and
−6 °C, January air temperature ranges from −22 to −24 °C,
and July from 15.5 to 17 °C (Trofimova and Balybina, 2014).
The average annual precipitation in the Khanymei area is
436 mm (Kluge et al., 2021). Siberia stands out as one of the
regions experiencing the most pronounced warming world-
wide in recent years, and modern climate models project that
this trend will continue (Groisman et al., 2013; Hantemirov

et al., 2022). There has been a notable rise in hot extremes
and a decline in cold extremes over recent decades (Senevi-
ratne et al., 2021). Additionally, precipitation patterns have
been altered significantly, with intensified heavy rainfall dur-
ing the warm season (Seneviratne et al., 2021) and increased
precipitation and snow water equivalent during the cold sea-
son (Bulygina et al., 2011; Groisman et al., 2013).

The northern border of the boreal forest taiga zone is
characterized by coniferous pine (Pinus sylvestris and Pinus
siberica) and larch (Larix sibirica) open forests (Safronova
and Yurkovsksya, 2019). The palsas and peat plateaus are
covered by moss-lichen mosaics with a presence of dwarf
shrubs (e.g. Rhododendron tomentosum) and dwarf birch
(Betula nana) (Safronova and Yurkovsksya, 2019; Volkova et
al., 2019). Additionally, in permafrost peatland ecosystems
in the Khanymei region, lichens (genera Cladonia) occupy
70 %–80 % of peatland surface and form a unique type of
lichen peat (Volkova et al., 2019).

Peatlands started to form in Western Siberia in the early
Holocene, between 11 000 and 10 000 cal BP (Kremenetski
et al., 2003). Even though Western Siberia lacked ice sheet
cover during the last glacial period, the initiation of peatlands
formation did not occur until the post-glacial warming of this
region (Abe-Ouchi et al., 2015). Unfavourable conditions for
peat accumulation during the glacial period were caused by
a limited moisture influx from the North Atlantic due to the
spread of the ice cover in the Arctic Ocean and the Siberian
High (Velichko et al., 2011). According to Alexandrov et
al. (2016), summer dryness-induced moisture imbalance was
an essential factor preventing the formation of Sphagnum-
dominated peatlands during the glacial period in this part
of Siberia. Peatlands in the Khanymei region were mostly
formed on sandy and silty sediments, and peat deposits are
usually 0.1–1.4 m deep (Raudina et al., 2017; Velichko et al.,
2011).

Permafrost development in Western Siberia

The permafrost in Western Siberia was mainly developed
in Late Pleistocene (18–27 ka BP), and during the most
favourable conditions, the southern limit reached 48–49° N
(Duchkov, 2006). The early Holocene warming led to a
northward shift of the border up to 60° N. During the Subat-
lantic cooling (2–1.3 ka BP), an epigenetic permafrost aggra-
dation started, and peat deposits accumulated after deglacia-
tion were first to freeze (Kondratjeva et al., 1993). The good
insulating properties of Sphagnum mosses allowed frost to
persist during warmer seasons and extend into the deeper
mineral layers. This process led to the development of per-
manently frozen peatlands and the formation of palsas due to
the cryogenic lifting of the peatland’s surface (Martini et al.,
2007). The characteristic feature of discontinuous permafrost
is thermokarst lakes, which developed in the Khanymei area
around 2.5 ka BP under stable permafrost conditions (Martini
et al., 2007; Raudina et al., 2017).
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Figure 1. Study area: (a) location of West Siberian Lowland (WLS); (b) WSL – permafrost extent based on Brown et al. (1997), peatland
extend based on Sheng et al. (2004) and vegetation zones based on Davydova and Rakovskaya (1990); (c) location of coring sites (background
map source: © Google Earth 2015); (d) illustration of the peat plateau-lake edge microhabitat on study site with photos of peat cores.

3 Methods and materials

3.1 Coring and sediment sub-sampling

Two peat cores with a diameter of 10×10 cm were collected
from Khanymei permafrost peatlands at the turn of June and
July 2019. Cores were extracted from the peat plateau-lake
edge complex 5 m apart from each other (Fig. 1c). The core
Kh-K1 (34 cm, 63.7856° N, 75.6438° E) was taken from the
lake edge and Kh-K2 (27 cm, 63.7855° N, 75.6434° E) from
the peat plateau. The peat monoliths were extracted using
a knife. The Kh-K2 core was sampled until the frozen peat
was reached. Each peat core was then sub-sampled in 1 cm
resolution (except for 0–2 cm in Kh-K2) for testate amoebae
(sample volume: 3 cm3), pollen and microcharcoal (1 cm2),
macrocharcoal (2 cm2), plant macrofossils (4 cm3), and loss
on ignition (1 cm3) analyses.

3.2 Chronology and peat accumulation rate

Eight samples from Kh-K1 and five from Kh-K2 of terres-
trial plant macrofossils were selected for dating (Table 1).

Cores chronology was based on 14C dating using an Accel-
erator Mass Spectrometer (AMS) in the Poznań Radiocarbon
Laboratory. The radiocarbon dates were calibrated with Int-
Cal20 (Reimer et al., 2020) and NH1 post-bomb (Hua et al.,
2013) atmospheric curves (Fig. 2). For models calculation
with 1 cm resolution, the P_Sequence function with param-
eters k0= 10 and log10(k/k0)= 1 was applied. One calen-
dar year representing the date of coring 2019.6 at a depth
of 0 cm, was introduced to the model. The age-depth models
were calculated using the OxCal v4.4.4 software (Ramsey,
2001).

The peat accumulation rate (PAR, mm yr−1) was calcu-
lated by dividing the sample thickness (mm) by the age dif-
ference between the top and bottom limits of the sample (CE
years).

3.3 Testate amoebae analysis

Testate amoebae (TA) analysis was conducted following an
established protocol (Booth et al., 2010). Sub-sampled ma-
terial was shaken with distilled water and sieved through a
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Table 1. Radiocarbon (14C) dates from peat cores Kh-K1 and Kh-K2.

Core Depth Lab 14C age Material Calibrated age 2σ range modelled
(cm) Number or F14C* dated (CE) age range (CE)

Kh-K1 2–3 Poz-150655 101.58± 0.34 Sphagnum steams 2009 2009–2009
5–6 Poz-150725 103.83± 0.32 Sphagnum steams 2008 2007–2008

9–10 Poz-150726 106± 0.33 Sphagnum steams 2006 2005–2007
14–15 Poz-150728 108.5± 0.39 Sphagnum steams 2002 2000–2003
19–20 Poz-150663 111.55± 0.36 Sphagnum steams 1996 1994–1997
24–25 Poz-150664 119.86± 0.37 Sphagnum steams 1986 1984–1987
30–31 Poz-157591 102.87± 0.28 Sphagnum steams 1957 1956–1957
33–34 Poz-157563 104.75± 0.31 Sphagnum steams 1956 1955–1956

Kh-K2 6–7 Poz-150837 125.66± 0.45 Sphagnum steams 1975 1959–1982
10–11 Poz-150665 105± 30 Sphagnum steams 1930 1902–1954
15–16 Poz-150838 25± 30 Sphagnum steams 1894 1822–1920
20–21 Poz-150666 105± 30 Sphagnum steams 1860 1756–1901
26–27 Poz-150839 90± 30 Sphagnum steams 1814 1692–1875

∗ postbomb F14C values are shown in italics.

Figure 2. Age-depth models based on C14 dating for peat cores: (a) Kh-K2 – peat plateau and (b) Kh-K1 – lake edge. The dark and light
blue areas provide the 68.3 % and 95.4 % confidence ranges of the model, respectively.
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300 µm mesh. The material was examined using a light mi-
croscope at 200–400× magnification. For each sample, a
minimum of 150 individual tests were counted and identi-
fied based on the available identification guides (e.g., Char-
man et al., 2000; Siemensma, 2022; Todorov and Bankov,
2019). The results of testate amoebae analysis were used for
the quantitative depth to water table (DWT) and pH recon-
structions.

3.4 Pollen, non-pollen palynomorphs (NPPs), and
microcharcoal analysis

Pollen analysis was prepared following the standard pro-
cedure (Berglund and Ralska-Jasiewiczowa, 1986). To esti-
mate the concentration of palynomorphs, Lycopodium mark-
ers were used (Stockmarr, 1971). For taxonomical identifica-
tion, pollen keys (Beug, 2004; Faegri et al., 1989; Moore et
al., 1994) and reference photographic collections were used.
For each sample, at least 300–500 pollen grains of terres-
trial plants were counted. The sum AP+NAP (arboreal and
non-arboreal pollen) was calculated, excluding telmatic and
aquatic taxa, spores, and non-pollen palynomorphs (NPPs).
Microscopic charcoal particles (10–100 µm) and NPPs were
counted during the analysis from the same slides. NPPs iden-
tification was based on Van Geel (2001) and Shumilovskikh
et al. (2015). To determine regional fire activity, microchar-
coal accumulation influx (MIC influx, particles cm−2 yr−1)
was calculated by dividing the microcharcoal concentration
(particles cm3) by peat accumulation rate (cm yr−1).

3.5 Plant macrofossil analysis

Samples were washed and sieved with distilled water us-
ing 125 µm mesh. To estimate the percentage volume of
mosses and vascular plants, samples were examined with a
stereoscopic microscope. The macrofossils were identified
using various identification guides (e.g., Katz et al., 1977;
Mauquoy and Geel, 2007; Tobolski, 2000). The subfossil
vegetative fragments and carpological remains were counted
but excluded from volume percentages and noted as present
or absent in each sample.

3.6 Macrocharcoal analysis

Macroscopic charcoal (particles ≥ 100 µm) analysis was
used to conduct paleo fire reconstruction. All samples were
bleached for 24 h (Mooney and Radford, 2001) and then wet-
sieved through 100 µm and 500 µm meshes. Macrocharcoal
particles were counted with a stereoscopic microscope and
divided into two groups: 100–500 and > 500 µm to provide
information about potential fire distance from the studied
area (e.g., Conedera et al., 2009). To determine local fire ac-
tivity, macrocharcoal accumulation influx (MAC influx, par-
ticles cm−2 yr−1) was calculated by dividing the macrochar-
coal concentration (particles cm3) by peat accumulation rate
(cm yr−1).

3.7 Organic matter content and C content

The content of organic matter (OM, %) was determined by
loss on ignition (LOI) analysis following standard protocol
(Heiri et al., 2001). Samples were oven-dried at 105 °C for
12 h and then burned in a muffle furnace at 550 °C for 3 h.
To estimate dry bulk density (BD, g cm−3), the weight of the
sample after drying was divided by the fresh sample volume.
The organic matter content was calculated as the difference
between dry and burned sample weight, divided by dry sam-
ple weight (Chambers et al., 2011). The carbon content (g)
was converted from the OM by assuming that organic C is
∼ 50 % of OM by mass (Chambers et al., 2011; Treat et al.,
2016). The carbon accumulation rate (CAR, g C m−2 yr−1)
was calculated following equation (Tolonen and Turunen,
1996):

CAR=
PAR
1000

×BD×C (1)

Where: CAR: carbon accumulation rate (g m−2 yr−1), PAR:
peat accumulation rate (mm yr−1), BD: dry bulk density
(g m−3), C: C content (g C g−1 dry weight)

3.8 Numerical analysis

All stratigraphic diagrams were plotted with Tilia graph soft-
ware v3.0.1 (Grimm, 1991) and Grapher™ Golden Soft-
ware. Peatlands’ development stages were determined based
on changes in TA community structure and related depth
to water table (DWT) fluctuations. Zonation was based on
CONISS using a rioja package in R (Juggins, 2020). The
Shannon Diversity index was calculated for each TA sample
using a vegan package (Oksanen et al., 2022) in R software
(R Core Team, 2022). To understand the response of TA com-
munities to past ecosystem disruptions, five TA functional
traits were selected: mixotrophy, aperture size and position,
shell compression, and biovolume. Based on TA functional
traits, the community-level weighted means of trait values
(CWM) was calculated for each community and each stan-
dardized trait to estimate their functional composition us-
ing the FD package (Laliberté et al., 2014) and TA func-
tional traits established by Fournier et al. (2015). TA were
also divided into four categories based on shell type: or-
ganic, organic-coated idiosomic, idiosomic, and agglutinated
(Mitchell et al., 2008).

The Non-metric Multidimensional Scaling (NMDS) was
applied to the TA species composition data from the Kh-K1
core using a scikit-learn library (Pedregosa et al., 2011) to
detect temporal changes in community structure. Before the
NMDS, the data were standardised using z-score standard-
ization. The NMDS algorithm was set to use Euclidean dis-
tance and two dimensions. The K-Means clustering was ap-
plied to the transformed data and visualised with 95 % con-
fidence interval ellipses. The optimal number of clusters that
maximized the Silhouette Score was selected as the optimal
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clustering solution (Fig. S1 in the Supplement). Data visual-
ization was carried out using a matplotlib (Hunter, 2007) and
seaborn (Waskom, 2021) libraries. Calculations were con-
ducted using Python in a Google Colaboratory (Google Co-
lab) environment. The NMDS was performed only on core
Kh-K1, as this core captures the most dynamic ecological
transitions, and CONISS was considered sufficient for sum-
marizing patterns in Kh-K2.

To reconstruct changes in DWT, Khanymei transfer func-
tion for discontinuous permafrost peatlands was applied (Ha-
laś et al., 2023), and pH changes were reconstructed using
Asian transfer function (Qin et al., 2021). Reconstructions
were carried out using the C2 program, version 1.8.0 (Jug-
gins, 2007).

4 Results

This section presents the outcomes of the multi-proxy anal-
yses of two peat cores, Kh-K1 (lake edge) and Kh-K2 (peat
plateau). The results are organized according to stratigraphic
zones identified based on changes in testate amoeba (TA)
community structure and associated fluctuations in depth to
water table (DWT). For the peat core Kh-K1, four zones
(Kh1-A to Kh1-D) were distinguished, and for Kh-K2, six
zones (Kh2-A to Kh2-F). These zones provide a framework
for describing and interpreting past hydrological and ecolog-
ical dynamics (Figs. 3, 5, 6).

4.1 Kh-K2 – peat plateau

4.1.1 Zone Kh2-A (ca. 1814–1832 CE)

In the first zone Kh2-A there is a dominance of Unknown
TA_Khan (Fig. 4), Difflugia pulex type, and the presence of
Centropyxis aculeata type (Fig. 3a) – indicators of wet con-
ditions (Halaś et al., 2023). Bigger TA aperture size, higher
shell biovolumes, and more spherical shells also suggest wet
conditions. TA species with agglutinated shells are the most
abundant in this zone. Based on TA, this zone was char-
acterized by wet conditions, with DWT around 4 cm and a
pH of 5.1. The presence of green algae genera Botryococcus
(Fig. 5a) also indicates a wetter environment (Pandey et al.,
2023), while the presence of fungi Helicoon pluriseptatum
HdV-30 a shift towards drier oligotrophic conditions (Kuhry,
1997). This period is characterized by a ligneous layer with
roots and wood (Fig. 5a); however, ca. 1830 CE Sphagnum
Secc. Cuspidata starts to take over the peatland surface. Nu-
merous seeds of shrubs (Vaccinium sp.) and sedges (Carex
sp.), as well as leaves of dwarf shrubs (Betula nana), are
present in the sediment. In this zone, a high peak of Be-
tula pollen was recorded, as well as the presence of shrubs
Rhododendron tomentosum, Ericaceae, and Vaccinium. Af-
ter ca. 1820 CE, a decrease in Betula pollen was inferred,
which coincides with the period of high MIC that occurred
between 1814 and 1835 CE (Figs. 5a, 6a). Peat accumulation

in this period remains low and stable (∼ 1.3 mm yr−1), while
carbon accumulation decreases from 29.5 to 8.8 g m−2 yr−1.

4.1.2 Zone Kh2-B (ca. 1832–1890 CE)

In zone Kh2-B there is a disappearance of Centropyxis ac-
uleata type and a decrease of Difflugia pulex type – wet
indicators (Fig. 3a). Intermediate indicators such as Un-
known TA_Khan, Archerella flavum, and Hyalosphenia pa-
pilio appear, and dry indicators are more abundant (e.g., Al-
abasta militaris, Assulina muscorum) (Bobrov et al., 1999;
Halaś et al., 2023). The functional traits of TA change,
shells become more compressed with smaller biovolume and
smaller aperture in more terminal positions. Mixotrophic
species (Archerella flavum, Hyalosphenia papilio), which
survive and reproduce due to stable moisture conditions and
low pH in Sphagnum (Lamentowicz et al., 2020), are the
most abundant in this zone. In this zone DWT increases
and stabilises between 12–15 cm, while peatland acidifica-
tion continues (pH= 5.0) with periods of lower pH values
(pH= 4.8). Sphagnum Secc. Cuspidata is a dominant peat-
land vegetation between 1835 and 1895 CE (Fig. 5a). HdV-
83 associated with wet phases of Sphagnum becomes present
after ca. 1845 CE (Shumilovskikh et al., 2015). NPP indica-
tors of very wet conditions (HdV-30) and green algae Botry-
ococcus decline after 1860 CE. We inferred the return of Pi-
nus in pollen, which becomes similarly abundant as Betula.
After 1865 CE, a decrease in shrubs (e.g. Ericaceae, Vac-
cinium) and an increase in herbs (e.g. Rubus chamaemorus)
was inferred. Leaves and seeds of shrubs (e.g., Betula nana)
and sedges (Carex sp.) are very abundant in this zone. This
zone has a stable peat accumulation rate (∼ 1.4 mm yr−1) and
high content of organic matter (∼ 98.3 %) (Fig. 6a). Carbon
accumulation rate oscillates between 4.3 and 9.2 g m−2 yr−1.
Low MIC values indicate low regional fire activity; however,
higher MAC (> 500 µm) values ca. 1890–1900 CE indicate a
period of very local fires.

4.1.3 Zone Kh2-C (ca. 1890–1910 CE)

Zone Kh2-C was a 20-year transitional phase when a sig-
nificant shift in TA community structure was inferred, and
dry indicators like Alabasta militaris and Assulina musco-
rum become dominant (Bobrov et al., 1999) (Fig. 3a). There
is also an increase in Cyclopyxis arcelloides type and Phry-
ganella acropodia, which tolerate wetter conditions (Halaś
et al., 2023). More species with larger apertures appear,
while mixotrophic TA and species with organic shells al-
most disappear. Based on TA reconstruction, this zone was
characterised by a short-term decrease in DWT to 10 cm
ca. 1910 CE. The presence of rotifer Habrotrocha angus-
ticollis (HdV-37) (Fig. 5a) also indicate periodic wetting
(Shumilovskikh et al., 2021). A gradual transition in Sphag-
num species from Sphagnum Secc. Cuspidata to Sphag-
num Secc. Acutifolia, typically a hummock group of species
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Figure 3. Testate amoebae (TA) diagram (abundance> 3 %) with 5× exaggeration for peat cores: (a) Kh-K2 – peat plateau and (b) Kh-K1 –
lake edge. TA species are grouped by shell type, as indicated by the colour legend below the plot. The diagram includes community-weighted
TA functional traits, Shannon Diversity index, reconstructed depth to water table (DWT) based on Halaś et al. (2023), and reconstructed pH
based on Qin et al. (2021). Shaded areas for DWT and pH represent bootstrap reconstruction errors. The hatching on the DWT indicates a
reconstruction potentially affected by error due to the presence of> 25 % of a new TA species. Species are sorted by weighted average (WA).
Zonation was based on testate amoebae CONISS.

(Fig. 5a) (Malmer, 1988), was inferred together with a de-
crease in reconstructed pH (< 5). Leaves and seeds of shrubs
and sedges become almost absent in the sediment after
1865 CE. Peat characteristics remain stable with no signifi-
cant change in peat accumulation and organic matter content
(Fig. 6a). Initially 11.9 g m−2 yr−1, the carbon accumulation
rate decreases to 4.7 g m−2 yr−1 as DWT drops. An increase
in MIC was inferred, which indicates higher regional fire ac-
tivity.

4.1.4 Zone Kh2-D (ca. 1910–1970 CE)

In zone Kh2-D, Difflugia pulex type disappears, and the
abundance of Unknown TA_Khan declines to below 10 %
(Fig. 3a). At the same time, dry indicators, like Cryptodif-
flugia minuta, Assulina muscorum, or Trigonopyxis arcula
appear in higher abundance (Bobrov et al., 1999). More
species with idiosomic and organic-coated idiosomic shells

appear. Taxa with smaller aperture sizes with cryptic posi-
tions become dominant (Fournier et al., 2015). At the begin-
ning of this zone DWT significantly increases to 19.7 cm and
later oscillates ∼ 15 cm. Acidification progresses reaching
the lowest pH values in the record (pH= 4.7). This zone is
dominated by Sphagnum Secc. Acutifolia (80 %) with some
addition of Sphagnum Secc. Sphagnum (Fig. 5a). Less shrub
remains were inferred; however, dead wood became more
present in the sediment. Fungal fruit bodies of Microthyrium
HdV-8B are more abundant, which has been associated with
drier or more oligotrophic conditions (De Klerk et al., 2009).
We inferred a lower frequency of shrubs and an increasing
presence of herb Rubus chamaemorus. Between 1930 and
1960 CE, Pinus pollen is more abundant than Betula pollen.
This coincides with a period of lower peat (∼ 0.9 mm yr−1)
and carbon accumulation 2.2–7.2 g m−2 yr−1 (Fig. 6a). The
low values of MIC and MAC indicate a period of low local
and regional fire activity.
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Figure 4. Light microscope images of an unidentified testate amoeba (Unknown TA_Khan) found in samples from Khanymei peatland. The
taxon exhibits an ampulla-shaped test with a distinct collar or neck. The aperture is circular, and larger mineral particles are visible inside.
Further taxonomic identification is needed.

4.1.5 Zone Kh2-E (ca. 1970–2000 CE)

In this zone, similar TA species are present as in the previ-
ous one but with a lower abundance of Unknown TA_Khan,
Assulina muscorum, and Alabasta militaris (Fig. 3a). Species
with drier moisture preferences like Trinema lineare or Cory-
thion dubium appear more frequently (Bobrov et al., 1999).
Functional traits adapting species to drier conditions were in-
ferred, such as smaller aperture size, biovolume, compressed
shells, and more cryptic aperture. Zone Kh2-E was charac-
terized by fluctuating DWT, with an initial decrease to 12 cm
and an increase to 18 cm by ca. 1990 CE. Acidification de-
creases slightly with high pH variability (reconstruction error
0.4 pH). We inferred a ligneous layer with > 80 % of root-
s/rootlets and decrease in Sphagnum species after 1980 CE
(Fig. 5a). After a period of domination of Pinus pollen be-
tween 1920 and 1960 CE, in this zone, the share of Betula
and Pinus pollen remain, at a similar level of ∼ 35 %. Af-
ter 1990 CE, the shrub Ericaceae becomes more frequent
while herbs Rubus chamaemorus and Artemisia almost dis-
appear. Between 1975 and 2000 CE, high MIC and MAC
values (high local and regional fire activity) and a decrease
in organic matter content to 81 % were inferred (Fig. 6a).
Peat and carbon accumulation increase to 1.4 mm yr−1 and
17.1 g m−2 yr−1, respectively.

4.1.6 Zone Kh2-F (ca. 2000–2019 CE)

In the last zone Kh2-F, the Shannon Diversity Index indi-
cates low diversity in the TA community structure, which
from 2000 CE is dominated by Corythion dubium (> 50 %)
(Fig. 3a). The dominance of TA with idiosomic shells and
the disappearance of species with agglutinated shells were
inferred. TA shells become strongly compressed with small
biovolumes and cryptic apertures. Reconstructed DWT is sta-
ble ∼ 14 cm, and pH increases to 4.9 but with high model
error (0.65). Surface vegetation consists mainly of Cladonia
lichens (> 85 %), which appeared on peatland ca. 2000 CE
(Fig. 5a). A peak in Ericaceae abundance was inferred, while
other shrubs are absent. The low values of MIC indicate a
decrease in regional fire activity; however, we found more
MAC (> 500 µm) particles in the sediment, which indicate
that fire was present very locally (Fig. 6a). Organic mat-
ter content increases to 96 % and carbon accumulation to
∼ 15 g m−2 yr−1. Lichen and other moss accumulation rate
is 1.4 mm yr−1.
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Figure 5. Macrofossils and pollen diagram with 5× exaggeration from peat cores: (a) Kh-K2 – peat plateau and (b) Kh-K1 – lake edge. The
subfossil vegetative fragments and carpological remains are represented as either present or absent in each sample. Zonation based on testate
amoebae CONISS was added to the graph.

4.2 Kh-K1 – lake edge (destabilised peat plateau
margin)

4.2.1 Kh1-A (ca. 1955–1979 CE)

In the first zone Kh1-A, dry species Alabasta militaris and
Assulina muscorum dominate at the beginning of the record
(Bobrov et al., 1999). The abundance of Assulina musco-
rum subsequently decreases, while Unknown TA_Khan in-
creases until 1979 CE. TA species with organic-coated idio-
somic shells are highly abundant throughout the zone. Wet
conditions were inferred at the beginning of the zone, fol-
lowed by a rapid increase in DWT to 28 cm, which then
slowly decreases to 17 cm by 1979 CE (Fig. 3b). The re-
constructed pH indicates acidic conditions (pH= 4.8), with
a slight increase in pH to 5.0 by 1979 CE. Local vegeta-
tion is dominated by Sphagnum Secc. Acutifolia with some
addition of roots, rootlets, and monocots until ca. 1972 CE

(Fig. 5b). As the DWT decreases liverworts Odontoschisma
sphagni commonly found on Sphagnum hummocks/mounds
but also on wet peat, appears (Blockeel et al., 2014), as
well as lichens Cladonia sp. Both are present in the sed-
iment between 1972 and 1986 CE. Shrubs pollen, particu-
larly Rhododendron-type, and dwarf shrubs Betula nana in-
crease after 1960 CE. An increase in abundance of green
algae Botryoccocus, which indicates wetter conditions was
inferred after ca. 1965 CE (Pandey et al., 2023). Peat and
carbon accumulation is high initially (12.5–25 mm yr−1 and
24.4–79.0 g m−2 yr−1 respectively); however, as DWT in-
creases after 1957 CE it slows down (2.1 mm yr−1 and
10 g m−2 yr−1) (Fig. 6b). This zone is characterized by high
MIC and MAC values until ca. 1965 CE, which indicates
high local and regional fire activity.

Biogeosciences, 22, 4797–4822, 2025 https://doi.org/10.5194/bg-22-4797-2025
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Figure 6. Changes in depth to water table (DWT) with bootstrap reconstruction errors (lighter blue), bulk density (BD), peat accumulation
rate (PAR), carbon accumulation rate (CAR), organic matter content (OM), macrocharcoal influx > 500 and 100–500 µm (MAC), and
microcharcoal influx< 100 µm (MIC) in peat cores (a) Kh-K2 – peat plateau and (b) Kh-K1 – lake edge. Zonation based on testate amoebae
CONISS was added to the graph. The hatching on the DWT indicates a reconstruction potentially affected by error due to the presence of
> 25 % of a new TA species.

4.2.2 Zone Kh1-B (ca. 1979–1999 CE)

In this zone, the structure of TA community changes (Figs. 7,
3b), TA species with agglutinated shells Unknown TA_Khan
and Cyclopyxis arcelloides type, indicators of intermediate
or relatively wet conditions, peak in abundance (Halaś et
al., 2023; Warner and Charman, 1994). At the beginning

of the zone Euglypha ciliata type is very abundant. Galeri-
pora discoides, associated with rapid water table fluctuations
(Lamentowicz et al., 2009), is present between 1992 and
1995 CE. After 1992 CE Hyalosphenia elegans, Alabasta
militaris, and Nebela tincta start to appear more frequently in
the record. TA shells become more compressed, and aperture
size increases. Some mixotrophic species (e.g., Placocista
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spinosa) appear, which may indicate stable conditions, but
heterotrophic species are still dominant. This zone is char-
acterised by an initial decrease in DWT from 17 to 12 cm
by 1988 CE, followed by a gradual increase, reaching 24 cm
by 1999 CE. Higher pH was inferred on the site between
1980 and 1992 CE, but when drying starts, pH falls below
5.0 again. The peat is dominated by roots and Ericaceae
sp. rootlets (Fig. 5b). Sphagnum Secc. Acutifolia accounts
for ∼ 30 % of plant macrofossils. When lichens are present,
more non-arboreal taxa, especially shrubs, e.g., Ericaceae
and herb Rubus chamaemorus, were inferred. Lichens and
liverworts are replaced ca. 1985 CE by Calliergon sp. and
Pleurozium schreberi, which grows on drier hummocks/-
mounds between wet Sphagnum (Street et al., 2013). More
leaves and seeds of shrubs are found in the sediment af-
ter 1985 CE; however, the abundance of their pollen de-
creases. The most subfossil vegetative fragments belong to
Andromeda polifolia, frequently found in low hummocks
and lawns (Jacquemart, 1998). Abundance of green algae
Botryococcus and Sphagnum spores starts to decline after
ca. 1990 CE. Throughout the zone, a presence of fungi He-
licoon pluriseptatum HdV-30, and fungal fruit bodies of Mi-
crothyrium HdV-8 and HdV-8B was inferred. Between 1980
and 1995 CE, Betula pollen is more abundant than Pinus
pollen. The high MIC values indicate high regional fire activ-
ity, especially ca. 1990 CE (Fig. 6b). Organic matter content
is high and stable ∼ 96 %. Peat and carbon accumulation is
stable at the beginning of the zone but increases from 2.0
to 8.3 mm yr−1 and 3.8 to 23.1 g m−2 yr−1, respectively, be-
tween 1988 and 2000 CE.

4.2.3 Kh1-C (ca. 1999–2008 CE)

In zone Kh1-C, the TA community structure changes again,
with the most dominant species being Alabasta militaris
(Figs. 3b, 7). We also inferred increased abundance of
Trigonopyxis arcula, Assulina muscorum, and Hyalosphe-
nia elegans in this period. Species with organic shells are
more abundant, whilst agglutinated shells almost disappear.
Characteristic of minerotrophic peatlands, Heleopera rosea
is only present in this zone (Carballeira and Pontevedra-
Pombal, 2021). The predominance of TA shells with smaller
biovolume and aperture size with more cryptic position, in-
dicate drier conditions. This zone is characterized by DWT
∼ 26 cm and pH 4.9. After 2003 CE, Sphagnum Secc. Acu-
tifolia once again becomes a dominant species whilst other
plant species disappear (Fig. 5b). Roots and leaves of shrubs
are still abundant. The expansion of Pinus pollen, disap-
pearance of shrub Rhododendron-type, and low frequency
of herbs were inferred. Around 2000 CE, green algae Botry-
ococcus disappears from the sediment. We inferred an in-
crease of Sphagnum spores, which coincides with a peak in
fungal fruit bodies of Microthyrium HdV-8B and HdV-8. He-
licoon pluriseptatum HdV-30, indicators of a transition from
wetter to drier conditions (Shumilovskikh et al., 2021), de-

clines after 2008 CE, as well as other fungi. Throughout this
zone, peat accumulation increases from 9.1 to 20.0 mm yr−1,
with the peak in 2008 CE (Fig. 6b). Organic matter content is
unstable and varies from 84.4 % to 98.4 % between 2002 and
2008 CE. Periods with lower content of organic matter coin-
cide with peaks in MAC (local fire activity). Carbon accumu-
lation increases from 13.7 to 44.2 g m−2 yr−1 but decreases
during periods when higher local fire activity was inferred.

4.2.4 Kh1-D (ca. 2008–2019 CE)

In the last zone, several TA species, e.g., Cyclopyxis arcel-
loides type and Unknown TA_Khan, disappear, while two
new species Cryptodifflugia voigti (dry indicator) and Cory-
thion constricta (intermediate) appear (Halaś et al., 2023)
(Fig. 3b). The Shannon diversity index indicates a more
homogeneous TA community structure dominated by Al-
abasta militaris (> 50 % of all shells). There is a domi-
nance of TA species with smaller biovolume, more com-
pressed shells, with smaller apertures, and idiosomic shells.
In this zone the conditions are dry and stable with DWT ∼
28 cm and pH 4.9 (Fig. 3b). Surface vegetation is dominated
by Sphagnum Secc. Acutifolia with some roots, Ericaceae
sp. rootlets, and monocots (Fig. 5b). Leaves of shrubs Be-
tula nana, Vaccinium oxycoccos, and Rhododendron tomen-
tum are still present, and Pinus pollen still dominates over
Betula pollen. A high abundance of Sphagnum spores was
inferred. The beginning of the zone is characterized by high
peat (20.0–33.3 mm yr−1) and carbon accumulation (45.0–
84.0 g m−2 yr−1) and high local and regional fire activity
(high values of MIC and MAC) which significantly decrease
after ca. 2009 CE (Fig. 6b). Following the intense fire period,
peat and carbon accumulation slow down (2.5 mm yr−1 and
2.1 g m−2 yr−1, respectively). Pollen of shrubs and sedges is
more abundant after 2009 CE (Fig. 5b). Organic matter con-
tent for the top layer decreased to 84.2 %.

5 Discussion

5.1 Development of Western Siberian peatlands from
the end of the Little Ice Age till modern times

Records from peat plateau core Kh-K2 show that at the be-
ginning of the 19th century, the study site experienced wetter
conditions with high carbon accumulation until ca. 1830 CE
(Figs. 3a, 6a). On the Khanymei peatlands, this period was
characterized by the presence of microalgae Botryococcus,
typically found in fresh water wetlands (Pandey et al., 2023),
which can also serve as an indicator of temporary water stag-
nation, as observed in Central European peatlands (Marcisz
et al., 2015). Our results align with findings from more south-
eastern sites obtained by Feurdean et al. (2022) and Willis et
al. (2015), where between 1400 and 1850 CE, an increase in
water level was inferred. These reconstructions overlap with
the presence of the Little Ice Age (LIA, 1600–1850 CE) in
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Figure 7. Two-dimensional NMDS ordination plot with K-Means clustering showing the distribution of testate amoebae samples from the
Kh-K1 core (lake edge) over time. Ellipses represent the 95 % confidence interval based on the covariance matrix of each cluster. Each point
represents a sample, with year labels indicating temporal changes.

the Northern Hemisphere (Mann, 2002). However, not all of
the records from Western Siberia show the same trend; the
LIA was a period of dry conditions on the southwest peat-
lands (Lamentowicz et al., 2015; Zakh et al., 2010). Although
wetter conditions on a peatland usually limits fire activity
(Nelson et al., 2021) on our site we inferred more local and
regional fires (Fig. 6a). Higher fire activity and carbon accu-
mulation at the end of LIA was also inferred on Plotnikovo
Mire, where fires were associated with Russian exploration,
which may also have affected the Khanymei region (Feur-
dean et al., 2019; Naumov, 2009).

After 1830 CE, the Khanymei site experienced drying,
which resulted in the sudden disappearance of several TA
species and increased acidification (Fig. 3a). The peatland
was overtaken by Sphagnum Secc. Cuspidata and maintained
a largely stable DWT till the end of the century (Fig. 3a). Pe-
riod of drying (1830–1880 CE) overlaps with an increase in
reconstructed mean June–July air temperature from tree rings
in the Ob River valley (Gurskaya et al., 2012), and increased
abundance of Pinus pollen. From 1885 CE, we inferred a
transition of Sphagnum species from Secc. Cuspidata to Acu-
tifolia, which indicate mound development (Malmer, 2014),
this transition coincides with a decline of summer air temper-
ature between 1880 and 1900 CE (Gurskaya et al., 2012) and
follow a period of local fires (Fig. 6a). The post-fire recovery

of Sphagnum Secc. Acutifolia was also observed on boreal
peatlands in Western Canada (Kuosmanen et al., 2023) and
Northern Europe (Sillasoo et al., 2011).

Different proxies like plant macrofossils, rhizopods, ori-
batid mites, diatoms, and testate amoebae have been tested
as indicators of past environmental changes in permafrost
peatlands (Lamarre et al., 2012; Markkula et al., 2018; San-
nel and Kuhry, 2008; Wetterich et al., 2011). Markkula et
al. (2018) demonstrated that some species of oribatid mites
can be useful to detect past permafrost occurrence in peat-
lands; however, this proxy was not used in this study. Di-
vergent plant succession trajectories in permafrost peatlands
make it difficult to find a clear palaeoecological indicator of
past aggradation (Treat et al., 2016). However, some stud-
ies suggest that the growth of Sphagnum Secc. Acutifolia in
northern regions can precede permafrost aggradation (Pel-
letier et al., 2017; Sannel and Kuhry, 2009; Treat and Jones,
2018; Zoltai, 1993). This may indicate that on our site, per-
mafrost started to aggrade ca. 1900 CE, taking advantage of
the emergence of the denser and more insulating Secc. Acu-
tifolia and periodic cooling in the summer months. Occur-
rence of Sphagnum Secc. Acutifolia and root/rootlet layers,
which were considered by Sannel and Kuhry (2008) as in-
dicators of permafrost conditions, can also serve as proof of
permafrost presence on the study site after 1900 CE. How-
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ever, because permafrost aggradation and degradation can
co-occur within the same peatland (Zoltai, 1993), details re-
garding permafrost existence on the study site may be con-
sidered as a local process that needs more sites to be better
understood in space.

The turn of the 19th century has also been marked by re-
gional fires (Fig. 6a). Unfortunately, limited high-resolution
fire records from Western Siberia make it difficult to com-
pare if this fire period appears in a larger area. However, the
increased regional fire activity may be linked to the fact that
between 1896 and 1914 CE, Siberia became Russia’s prin-
cipal region of colonization (Goryushkin, 1991). Fire was
widely used by new settlers for the construction of new roads
and villages and the clearing of forests (Goryushkin, 1991).
During dry and warm continental summers, these fires may
have occasionally escaped control, leading to the spread of
wildfires, that consumed drier peatland areas dominated by
shrubs. After the period of higher fire activity, the region
experienced a decrease in the shrub pollen, particularly Er-
icaceae and Vaccinium, as well as reduction in subfossil re-
mains of Betula nana and Vaccinium on the peatland. This
decrease in shrubs coincided with an increase in herbaceous
species, particularly Rubus chamaemorus (Fig. 5a).

The beginning of the 20th century started with ca. 10 cm
increase in DWT and an increased abundance of Pinus pollen
(Figs. 3a, 5a). It is notable to mention that during Pinus
pollen dominance (1920–1960 CE) there was a sequential
emergence of fire-adapted Diploxylon pine species, followed
by Haploxylon species that are better adapted to abiotic stress
(Singh et al., 2023). Higher abundance of Pinus with higher
resilience to drier conditions (Wei et al., 2019) and lower
peat accumulation (< 1.4 mm yr−1) may indicate the occur-
rence of a drier period in the Khanymei region. Although,
the reduced peat accumulation may also be related to the
presence of organic matter-decomposing fungi Microthyrium
HdV-8B (Fig. 3a). Additionally, the period of increased pres-
ence of Pinus pollen coincides with the Early 20th Century
Warming that started ca. 1910 CE and peaked in the 1940s,
and could have contributed to the occurrence of drier condi-
tions in the region (Bengtsson et al., 2004; Bokuchava and
Semenov, 2021). However, the reconstruction of the DWT
on peat plateau suggests that during this period, there was a
gradual increase in moisture content (Fig. 3a). Potential ex-
planations for the lower reconstructed DWT values on the
peat plateau include the influence of low-lying permafrost,
which creates different environmental conditions for testate
amoebae – the microorganisms on which the reconstruction
is based – compared to groundwater in non-permafrost peat-
lands (Zhang et al., 2017). In this context, the concept of
a classic DWT level may not apply; rather, it reflects the
specific moisture conditions of the mosses themselves. No-
tably, Sphagnum Sec. Acutifolia, which is present at the study
site during that period, tends to grow in very dense patches,
and its ability to maintain wet capitula through capillary wa-
ter transport (Rydin and Jeglum, 2013) suggests that the re-

construction may not accurately represent commonly under-
stood peatland ground water level (Baird and Low, 2022).
On the other hand, higher air temperatures likely triggered
permafrost thaw on the peat plateau, increasing peat mois-
ture and ultimately leading to a decrease in the reconstructed
DWT. As a result, reconstructing and interpreting water lev-
els in permafrost peatlands requires caution due to the unique
hydrological dynamics of these ecosystems.

Since 1970 CE, an increase in reconstructed summer mean
air temperature in the Ob River valley and anomalies in
surface annual temperature (SAT) in the Northern Hemi-
sphere have been observed (Bokuchava and Semenov, 2021;
Gurskaya et al., 2012). A warming climate also affects per-
mafrost temperature, causing it to rise and leading to per-
mafrost degradation, which can result in ground instability,
altered hydrology, and changes in carbon dynamics (Strelet-
skiy et al., 2015). Observations of permafrost temperature
at 10 m in Nadym (260 km from Khanymei) showed in-
crease of 1.3 °C between 1972 and 2009 CE (Romanovsky
et al., 2010). These changes impacted the peatland ecosys-
tems in Khanymei, where the marginal part of the peat
plateau collapsed around 1980 CE (Fig. 3b). Between 1985
and 1995 CE, increasing moisture was inferred at the site,
followed by a rise in peat and carbon accumulation rates
(Fig. 6b). Similar, but more intensive patterns of collapse,
followed by renewed productivity and peat accumulation,
have been described in the Abisko region of Sweden (Swin-
dles et al., 2015).

Increased regional fire activity recorded after 1970 CE in-
dicates an overlap between natural fires and the human set-
tlement expansion in the Khanymei region related to the
construction of railways and oil exploration (Vaguet, 2013).
Fires connected with gas and oil exploration were inferred
at a similar time at the Mukhrino mire in the southern part
of Western Siberia close to Khanty-Mansiysk (Lamentow-
icz et al., 2015). Excessive construction activity in the close
vicinity of the study area (< 15 km) may have also con-
tributed to a decrease in organic matter content, caused by
a large supply of dust around 1980 CE (Fig. 6a). Data from
the peat core Kh-K1 (1955–2020 CE) with higher temporal
resolution, identified two distinct periods of higher fire activ-
ity in the region after 1970: 1985–1995 and 2006–2009 CE
(Fig. 6b). Lower regional fire activity in our records in the
last decades coincides with a decrease in burned area ob-
served in Western Siberia after 2010 CE (Zhu et al., 2021).
However, Zhu et al. (2021) noted that between 2003 and
2020 CE, wildfire extent in Siberia has been expanding west-
ward, which may suggest that as climate change progresses,
Western Siberia might be more affected by wildfires in the
near future.

Fire activity in the peatland surroundings probably influ-
enced shrub abundance in the area. We recognised a decrease
in shrub pollen after 1880 CE, coinciding with a slight in-
crease in local fire activity that persisted until 2000 CE, when
shrubs, particularly Ericaceae, began to return (Figs. 5a, 6a).
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Data from core Kh-K1 provide more detailed insights, show-
ing that shrubs became more abundant after 1965 CE. How-
ever, increased local fires between 1990 and 2010 CE once
again led to a decline in shrub presence, followed by their
reappearance after 2010 CE (Figs. 5b, 6b). Although shrubi-
fication is more commonly discussed in the context of the
Arctic tundra (Buttler et al., 2023; Mekonnen et al., 2021),
Forbes et al. (2010) recorded the effect of warming on shrub
rings in the northwest Russian Arctic, with correlations ex-
tending over long distances into the taiga zone of Western
Siberia. Their findings revealed a clear greening trend at a
regional scale from 1981 to 2005 CE, aligning with studies
that have attributed a strong shrub component to the greening
signal since 1980 CE. A similar signal is visible in our study
site; however, it appears approximately 20 years earlier.

Increased air temperatures and higher fire activity in the
past decades have impacted permafrost in Siberia, which re-
mains in equilibrium with changing climate, continuous to
alter peatland surface (Shur and Jorgenson, 2007). As per-
mafrost gradually degrades, the height difference between
the peat plateau and depression increases, exposing the peat
plateau to environmental influences. A similar process oc-
curs when ice aggrades within the peat, causing the bog sur-
face to uplift (Thibault and Payette, 2009). This creates drier
conditions at the uplifted peatland surface, leading to the re-
placement of Sphagnum mosses with lichens (Seppälä, 1988;
Thibault and Payette, 2009), which happened on the study
site ca. 2000 CE (Fig. 5a).

5.2 Patterns of progressive permafrost thawing

Permafrost peatlands underwent significant but divergent
hydrological changes in recent decades due to rising air
temperatures and related permafrost thaw (Olefeldt et al.,
2021; Zhang et al., 2022). In Khanymei permafrost peat-
lands, thaw-related surface transformation triggered changes
in various elements of the ecosystem. Paleoreconstructions
from peat cores Kh-K1 and Kh-K2 that cover the period
from 1955 CE allowed the reconstruction of biological re-
sponses of peatland’s microhabitats and the creation of pat-
terns of progressive permafrost thawing in a discontinuous
permafrost zone (Fig. 8).

In the first stage, before thawing ca. 1979 CE, the peat
plateau was characterized by dry conditions and lichen cover-
age (Fig. 8a). The presence of lichens temporarily constrains
moss growth on peat plateau (Harris et al., 2018), which re-
sulted in lower peat and carbon accumulation rates (Fig. 5a).
Lichens are commonly found on mature peat mounds and
palsas (Railton and Sparling, 1973), but their relatively low
albedo reduces evapotranspiration, which can negatively af-
fect ground cooling during the summer (Rönkkö and Sep-
pälä, 2003). The underlying porous peat typically serves as
an insulator for permafrost; however, thawing and melting
water are strongly absorbed by the peat, and with limited
evapotranspiration, this leads to a decreased insulating effect

and the deepening of the active layer. With higher air temper-
atures and the occurrence of fires, these changes accelerate
permafrost degradation, leading to further thawing and sur-
face transformation (Biskaborn et al., 2019; Hantemirov et
al., 2022; Romanovsky et al., 2010).

As thawing began after 1979 CE, the deepening of the ac-
tive layer released water, which, due to limited drainage, ac-
cumulated in low-lying parts of the peat plateau, leading to
terrain subsidence and local inundation (Fig. 8b). A simula-
tion of ground subsidence run by Ekici et al. (2019) showed
that between 2000–2010 some parts of Western Siberia ex-
perienced land subsidence of up to 0.7 m. This process has
also been widely observed in permafrost areas in Canada
(O’Neill et al., 2023; Wang et al., 2024). The higher moisture
of subsided areas contributes to the submergence of lichens
and their overgrowth by Sphagnum mosses. Wetter condi-
tions also change the structure of TA communities to be dom-
inated by wet (C. arcelloides type) and intermediate species
(Unknown TA_Khan) and cause the emergence of various
species of microalgae Botryococcus (Figs. 3b, 5b, 7).

Characteristic of this stage is the presence of new uniden-
tified TA taxa (Unknown TA_Khan) (Fig. 4), which has an
ampulla-shaped test with larger mineral particles, previously
found in modern samples from Khanymei peatland and clas-
sified by Halaś et al. (2023) as Difflugia lucida type. This
taxon was rare in modern samples and mainly present in
lichens with an optimum water level of ∼ 9 cm, while in
Sphagnum mosses mostly in wetter sites (∼ 3 cm). The un-
known taxa is an agglutinated xenosomic TA type that con-
structs its shells using grains and diatoms from its environ-
ment (Ogden and Hedley, 1980), with its presence signifi-
cantly influenced by the water chemistry of its surroundings
(Mitchell et al., 2000). Typical processes associated with per-
mafrost thaw, such as soil subsidence, lichen submergence,
and peat abrasion, impact the water chemistry in the region
(Manasypov et al., 2017). Experiments conducted by Man-
asypov et al. (2017) indicate that submerged lichens and peat
abrasion efficiently enrich lake water with soluble organic
constituents and alter the chemical composition of thaw wa-
ter, with lichens having the greatest impact. Therefore, we
hypothesize that this specific water chemistry may influence
the appearance of this taxa in the Khanymei peatland; how-
ever, further research is needed.

Water availability is considered one of the most critical
factors of Sphagnum growth and decay, and therefore car-
bon accumulation (Bengtsson et al., 2016; Thompson and
Waddington, 2008). Compared to the pre-thawing phase, ris-
ing water levels caused by thawing and terrain subsidence
boosted peat and carbon accumulation on the lake edge
(Figs. 6b, 8b). The shift from drier to wetter conditions
may reduce fire severity (Nelson et al., 2021), as inferred in
this study, as local fire activity decreases with slight wetting
(Fig. 6b).

Further thawing significantly altered the peatland ecosys-
tem structure (Fig. 8c). Further subsidence contributes to
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the formation of depressions filled with thaw water, creat-
ing small thermokarst lakes. Although there is an overall de-
cline in the area of thermokarst lakes in discontinuous per-
mafrost zones (Smith et al., 2005; Webb and Liljedahl, 2023),
small lakes are still being formed (Polishchuk et al., 2015).
Our data suggests that further thawing led to better drainage
and accumulation of thawed water in the lake basin, caus-
ing drying of the lake edges. These contradict the typical
dry plateau-wet hollow pattern and can be explained by the
characteristics of the TA that were used in DWT reconstruc-
tion. TA is widely used to reconstruct DWT on peatlands
(e.g., Charman et al., 2007); however, the primary control
of species abundance is surface wetness (Woodland et al.,
1998). Wetter conditions reconstructed on the peat plateau re-
sulted from low-lying permafrost ∼ 27 cm (Fig. 1d), which,
during the thaw, increase peat moisture, influencing TA as-
semblages. Whereas on the lake edge, permafrost is absent,
these assemblages are more vulnerable to Sphagnum sur-
face drying, a process that is accelerated by increased evap-
otranspiration. Together with the drying of the peatland sur-
face, we inferred an increase in local fire activity, similar to
the pre-thawing period. Another important observation was
that together with permafrost thawing we noted an increased
abundance of several Microthyrium type fungal fruit bodies
on the lake edge (type HdV-8 and HdV-8B) (Fig. 5b). In our
study the highest abundance of HdV-8B fell in the period pre-
ceding the highest accumulation of peat and carbon but co-
incided with the greatest production of spores by Sphagnum.
Given that fungi are involved in organic matter decomposi-
tion (Mitchell et al., 2003), this pattern may reflect a phase
of active decomposition that preceded maximum peat accu-
mulation. While we refrain from drawing firm conclusions,
we consider this an intriguing signal that may warrant further
investigation, particularly in light of the currently limited un-
derstanding of the ecological significance of these fungal re-
mains.

Many studies have indicated that global warming and per-
mafrost thawing will convert high-latitude peatlands from a
net atmospheric carbon sink to a source (Abbott et al., 2016;
Harris et al., 2023; Schuur et al., 2015). However, this shift
may not be linear due to the complexity of plant-microbial-
soil interactions and the potential mitigation of carbon losses
through enhanced plant productivity (Berner et al., 2020; Ep-
stein et al., 2013; Standen and Baltzer, 2021). In our study,
increases in peat and carbon accumulation were inferred in
both the peat plateau and lake edge sites after thawing began
ca. 1979 CE, with the lake edge site being the most active in
accumulation (Figs. 6, 8c). Although wetter conditions, con-
sidered better for Sphagnum growth (Clymo, 1973), occurred
in the subside area in the previous stage, increased peat ac-
cumulation was still inferred even after the DWT increases.
This suggests that thawing re-invigorated moss productivity
by providing the necessary moisture, allowing them to con-
tinue benefiting from the additional water supply even many
years after the collapse (Swindles et al., 2015). Vivid growth

could also be explained by the dense structure of the dom-
inant species of Sphagnum Secc. Acutifolia that could still
maintain a high rate of photosynthesis after DWT increases
(Rydin and Jeglum, 2013). A higher abundance of Sphagnum
spores during this time confirms their robust potential for re-
production and colonization (Fenton and Bergeron, 2006).
We hypothesize that the high values of peat and carbon accu-
mulation inferred at the lake edge were a direct consequence
of beneficial conditions created by thawing in the previous
stage. Our study suggests that these favourable conditions
have already happened on this part of the peatland, they were
short-term and occurred in a limited area (Figs. 6b, 8c). How-
ever, it is important to note that different stages of permafrost
degradation can occur simultaneously within the region, as
shown by Swindles et al. (2015). Therefore, while our re-
sults are local, they highlight potential patterns of permafrost
degradation and associated environmental consequences that
may arise at different times in the Khanymei region or other
areas with discontinuous permafrost in Western Siberia.

5.3 Same mire – different perspective

The majority of palaeoecological reconstructions on peat-
lands are based on one or a few cores located in the same
area to study local history (e.g., Lamentowicz et al., 2015;
Novenko et al., 2023) or hundreds of kilometres to recon-
struct regional history or trends (e.g., Feurdean et al., 2022;
Willis et al., 2015; Zhang et al., 2022). In this study, we
focused on the differences between peat plateau-depression
(lake edge, in this case) microhabitats. Our multi-proxy anal-
ysis showed that these microhabitats react differently, par-
ticularly in site-specific elements such as: peat and carbon
accumulation, hydrology, plant macrofossil composition and
occurrence of fungal NPPs (Figs. 3, 5, 6). The microhabi-
tats described in our study are a characteristic feature of the
landscape of discontinuous permafrost peatlands in Western
Siberia. Our results show that peatland surface heterogene-
ity, especially in permafrost areas, leads to the occurrence of
various simultaneous processes.

In non-permafrost regions, the typical hummock-hollow
structure is in a certain state of equilibrium directly related
to hydro-climatic conditions (Kulczyński, 1939; Rydin and
Jeglum, 2013; Tobolski, 2000). Whereas in regions of dis-
continuous permafrost, palsa or peat plateaus/mounds are ad-
jacent to the unfrozen peatlands or thermokarst lakes (Sep-
pälä, 2011). The situation is specific because two very differ-
ent environments are in close vicinity to each other. In this
study, we distinguished two main zones within a short dis-
tance: stable and dynamic (Fig. 8).

The stable zone is characterized by the presence of per-
mafrost in the ground, which creates stable conditions and
an equilibrium on the peatland surface. In this zone, the wa-
ter level was relatively stable or rising due to increase peat
moisture from thawing. However, the processes occurring
there were gradual and extended over time due to the pres-
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Figure 8. Illustration of stages of the progressive permafrost thawing in a discontinuous permafrost peatland based on cores Kh-K1 (lake
edge) and Kh-K2 (peat plateau) with selected proxies. In the illustration, core Kh-K1 represents the dynamic zone, and core Kh-K2 represents
the stable zone. The values for peat and carbon accumulation rates and intensity of fire activity shown in the right panel represent mean values
from selected zones of core Kh-K1. Pictures of lichens, mosses, and peat profiles on the left panel come from the other peatlands in region
to better present the process of lichen-Sphagnum shifts. Sources: photos of Sphagnum spores from Inglis et al. (2015).
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ence of permafrost. In contrast, in the dynamic zone, thaw-
ing initially triggers cascading hydrological changes, conse-
quently forcing habitat shifts (Figs. 3, 5, 6). These changes
mostly occur in the lateral part of peat plateau, where data
from the lake edge core (Kh-K1) allowed us to identify a
critical thawing area (Fig. 8b). The described area is a part of
the dynamic zone with the most noticeable and rapid changes
due to its location between contrasting environments: a previ-
ously thawed and collapsed depression, and an ice-rich peat
plateau (Fig. 8b). As a consequence of hydrological changes,
expanding permafrost thawing leads to relatively rapid in-
crease in DWT as a result of drainage towards the formed
slough (Fig. 8c). However, only in this area a rapid but short-
term improvement in hydrological conditions, with a simul-
taneous rapid increase in peat and carbon accumulation was
reconstructed (Fig. 6b). This mechanism makes this area the
most dynamic part of the peatland where permafrost thaw
occurs.

The lateral part of the peat plateau (critical thawing area)
where we inferred the most significant changes, although rel-
atively small, has a significant impact on the permafrost core
in the adjacent peat plateau. Post-thaw wetter peat conditions
on the peat plateau margin allow higher heat penetration of
the permafrost core (Railton and Sparling, 1973), accelerat-
ing its thaw and reducing plateau size. Currently, the shifting
of this area and consequent increase in the area of drainless
depressions and decrease in peat plateaus area is observed
yearly, resembling a domino effect. These depressions even-
tually merge with adjacent ones to form larger lakes, which
ultimately drain into a watercourse or river. Degradation of
palsas and peat plateaus caused by lateral erosion and the
formation of thermokarst lakes has also been observed in
northern Norway, where since the 1950s, their total area has
decreased by 33 %–71 %, depending on the region (Borge et
al., 2017).

It is important to emphasize that the high variability of per-
mafrost peatlands requires careful interpretation of environ-
mental records. Without a comprehensive approach, changes
inferred in the peat profile might be misattributed to incor-
rect factors. Therefore, conducting multi-proxy analyses is
essential to ensure accurate reconstruction of past and present
environmental conditions in areas with current or past per-
mafrost.

6 Conclusions

Our multi-proxy reconstruction provided new insights into
the history of peatlands in the understudied region of West-
ern Siberia. On Khanymei peatlands, the end of the Little
Ice Age was marked by wetter conditions that predominated
until 1840 CE. This period was followed by peatland dry-
ing and an increase in regional fire activity. Later peaks of
increased regional fires correspond to key historical events,
including the Russian colonization of Siberia at the begin-

ning of the 20th century and intensified oil and gas explo-
ration after 1970 CE. Plant indicators suggest that permafrost
likely began to aggrade on the study site around 1900 CE.
The presence of an ice core within the peat plateau limited
moss growth, leading to low peat and carbon accumulation.
In recent decades, rising air temperatures have triggered per-
mafrost thaw, transforming peatlands’ ecosystem. Notably,
the most dynamic changes occurred after 1979 CE, exhibit-
ing considerable variation across different parts of the peat-
land. Our research highlights that permafrost thaw in the dis-
continuous permafrost zone in Western Siberia has driven
significant but local transformations in peatland hydrol-
ogy, vegetation, and microbial communities, with the lake
edge being the most dynamic microhabitat. Thaw-related
surface subsidence increased water availability, promoting
Sphagnum growth and carbon accumulation, though these
favourable conditions were short-term and limited to specific
areas. Significant changes in testate amoebae communities
and increased fungal activity indicate complex interactions
between thaw dynamics and microbial processes, with poten-
tial implications for carbon cycling. Our findings underscore
the nonlinear and spatially variable nature of permafrost thaw
effects on peatlands, emphasizing that favourable conditions
for carbon sequestration may only be temporary as warming
continues.

Our study’s strength lies in its comprehensive and high-
resolution palaeoecological methodology, which enables the
detection of even subtle alterations in permafrost condi-
tions. However, these subtle changes can rapidly escalate
into dramatic landscape transformations under continued
warming. Our study serves as an early warning signal of
climate-induced impacts on this fragile ecosystem. Ulti-
mately, our results demonstrate the importance of incorpo-
rating microhabitat-specific responses to warming in climate
models to more accurately predict future carbon gains or
losses from northern peatlands.
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