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Abstract

Climate change in the Arctic may increase the incidence of tundra fires, which is expected to signifi-
cantly transform tundra ecosystems. Therefore, it is promising to study the tundra paleofire data to
assess whether the projected increase in fire numbers is unique. In this study, we used five types of
ancient fire proxies to estimate the number of fire events during the Holocene in the southern tundra
of Western Siberia. Our integrated analysis of soil and peat deposit proxies allowed us to distinguish,
for the first time, three different fire activity periods for this region. In the first period from 11.2 to 7.5
cal kyr BP, high fire activity was recorded. In the second period from 7.5 to 3.5 cal kyr BP the number
of fire events is minimal. In the third period from 3.5 cal kyr BP to the present day, the number of
pyrogenic events is maximum, and the maximum occurs in the second and third millennia from our
days. For the third period, a temporal relationship between fire frequency and archaeological cultures
is noted. It was also established that in the second half of the Holocene in the southern tundra peat
accumulation was not interrupted in fens permafrost polygonal peat plateaus. This allowed us to ob-
tain a good time resolution of the peat charcoal record for the last 3.5 thousand years. Thus, this study
demonstrates the occurrence of landscape fires in the southern tundra throughout the Holocene. And
the predicted increase in the frequency of tundra fires has paleoecological analogues.
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Introduction

Landscape fires are an ancient and widespread exogenous ecological factor causing
significant changes in biocenoses, altering the ratio of individual groups of living
organisms (Kelly et al. 2020; Certini et al. 2021). The impact of fire has significantly
transformed the soils of many of the Earth's natural zones (Li et al. 2021; Nelson et
al. 2021). Fires are also an important geochemical factor that enhances the fluxes
of elements from a catchment into rivers (Parham et al. 2013; Kuzmina et al. 2022;
Kuzmina et al. 2024), and can reduce ecosystem productivity over long periods of
time by reducing nitrogen stocks (Pellegrini et al. 2018). At the same time, the re-
sidual effect of fire on ecosystem processes persists for a long time not only due
to interruption of successional development, destruction of litter, and leaching of
chemicals elements (Cancelo-Gonzalez et al. 2013), but also due to the penetration
of charcoal on the soil surface (Luo et al. 2016), which has important ecological
functions in boreal ecosystems (Hart and Luckai 2013). In subarctic ecosystems,
fires can increase biodiversity for several decades (Heim et al. 2021).

Fire will become increasingly important in landscape dynamics due to current
and near future climate warming (Kharuk et al. 2022; Mekonnen et al. 2022; Ta-
lucci et al. 2022). Fire dynamics in the boreal and subarctic regions are of particular
concern, (Gliickler et al. 2024; Shestakova et al., 2024), on the one hand because of
high carbon stocks in vegetation and peat soil horizons, which is released into the
atmosphere during fires (Nurrohman et al. 2024), and on the other hand because
of the impact of fires on permafrost stability (Chen et al. 2021; Filimonenko et al.
2024). In order to make correct forecasts of the future impact of fires on ecosystems,
it is necessary to refer to a distant retrospective, up to covering the entire Holocene
and the previous warm and dry epochs. For these and other reasons, an increasing
number of researchers are addressing fire dynamics in the Subarctic (Heim et al.
2022). However, there is still a long way to go before these issues are evenly stud-
ied in different regions of permafrost distribution (Heijmans et al. 2022). This way
the Subarctic of North America and Europe is much better studied (Vachula et al.
2020; Scholten et al. 2024). The most studied in Russia in terms of reconstruction of
paleofire dynamics are the central and southern parts of the East European Plain, as
well as the south-east of Western Siberia (Pupysheva and Blyakharchuk 2023). The
territory of Siberia is still being studied more by remote sensing, in the aspect of fire
activity for the short-term retrospective.

One of the Siberian regions sensitive to landscape fire activity is Western Siberia
due to the high rate in permafrost peatlands (Vasilchuk and Vasilchuk 2016). With
regard to the study of paleofire activity in Western Siberia, its boreal part has been
mainly investigated. In pioneering reseearch, charcoal layers in peat deposits were
counted (Turunen et al. 2001) and periods of high fire activity were dated. In the
last decade, work has been carried out to study the proxies of landscape fires in soils,
peat and lake deposits of boreal landscapes of Western Siberia (Lamentowicz et al.
2015; Amon et al. 2020; Feurdean et al. 2022; Loiko et al. 2022; Startsev et al. 2022;
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Blyakharchuk et al. 2024; Pupysheva and Blyakharchuk 2024; etc.). There is current-
ly little information on the paleofire dynamics of subarctic permafrost landscapes
in Western Siberia (Shefer et al. 2023), although in a number of interfluves, almost
all landscapes have been affected by fires, and in relatively recent times (Mosko-
vchenko et al. 2020; Sizov et al. 2021). All this emphasizes the importance of study-
ing paleofire activity in the permafrost zone in the Holocene and identifying the
causes of its fluctuations.

In this paper, we have studied the paleofire history in one of the typical low-
tundra regions of Western Siberia using several proxies. The northern part of the
Pur-Taz interfluve of the Yamal-Gydan ecoregion was chosen as such a region. The
choice of this area is related not only to its good transport accessibility, but also to
its location near the large Taz River, along which the presence of large settlements
(Tazovsky factoria, Mangazeya town) has been known for several centuries even
according to written sources.

This study combines paleofire data from both peat deposits of frozen polygonal
peat plateaus and mineral soils located near peat plateaus. This is the first time that
these different types of charcoal proxies have been compared for the Yamalo-Gydan
ecoregion. Plant macrofossils and pollen in the peat that have had very limited peat
growth in the last four thousand years have been previously investigated in this re-
gion (Pastukhov et al. 2021). In the present study, not only such a peat deposit was
used, but also peat deposits that have had a marked increase in the last four thou-
sand years, allowing a higher resolution for the second half of the Holocene for the
distribution of charcoal in peat.

Materials and methods

Study area

The tundra ecosystems of the Pur-Taz interfluve are located in the continuous per-
mafrost region, in the southern tundra subzone of Western Siberia (Zarov et al.
2021). The studied key area (Fig. 1) is located in the northeast of the Pur-Taz in-
terfluve, within the third lacustrine-alluvial plain. Ridges, thermokarst-erosional
hollows and basins of drained thermokarst lakes are common within this terrace
(Loiko et al. 2020; Opokina et al. 2024). The studied part of the interfluve has a large
area of permafrost polygonal peat plateaus, and the soils are mostly of loamy texture
(Zarov et al. 2021). Active peat accumulation in this area began in the early Holo-
cene (Tikhonravova et al. 2023) and is thought to have slowed significantly in the
late Holocene, and permafrost polygonal peat plateaus are defined as relict (Fotiev
2017). Their microtopography is represented by alternating elevations (polygons),
elongated interpolygonal depressions (cracks), and fens through which supraper-
mafrost water flows into streams (Loiko et al. 2019).
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According to observations from the nearest meteorological station in the vil-
lage of Tazovsky (67°28' N; 78°44" E) for 1991-2021, the average temperature of the
coldest month (January) is -25.4 °C, the warmest month (July) is +14.4 °C, and the
average annual temperature is -6.8 °C. The average annual precipitation reaches 515
mm (Climate data for cities around the world url: https://ru.climate-data.org/).

A North-Western Siberia
B Study area on map of North-Western Siberia

C Sampling sites on the study area map
D Aerial photography of the study site
O Soil charcoal sampling sites

© Column site CKT-15-3D
@ Column site CKT-21

Figure 1. Maps and locations of the stuy sites.

The plant communities of the upland tundra are represented by moss-sedge-
lichen tundra in the upper parts of the slopes and willow-dwarf birch-moss com-
munities at the foot of the slopes. On the convex upper parts of the slopes, alder
bushes with tundra meadows in the centre are found in places (Loiko et al. 2022).
Single larch trees are rare. Peatland vegetation is widespread in extensive thermo-
karst depressions, ancient drained basins of thermokarst lakes, thermokarst-ero-
sional hollows. Shrub-lichen and sedge-sphagnum communities occur on polygons
of permafrost peat plateaus. In fens and cracks are cotton grass-sedge-sphagnum.
Tall thickets of alder and willow grow in the floodplains along the rivers, with oc-
casional larch, birch (Loiko et al. 2023). Highly productive grass communities grow
under the cover of trees and shrubs.
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Fieldwork

Fieldwork was carried out during the summers of 2015-2021, during which time
two cores were collected from the central parts of adjacent polygonal bog polygons
and a series of soil charcoal. The peat core CKT-15-3D (400 cm) was collected in
2015 by geological core drilling using the UKB-12/25-01 rotary drilling rig (Rus-
sia, Yekaterinburg, 'Machine-Building factory V. V. Vorovsky' LLC) with a compart-
ment length of one metre and a diameter of 59 mm. After drilling, the column was
cut into 2.5 cm thick samples which were packed in hermetic bags and frozen. Peat
core CKT-21 (48 cm) was sampled in 2021 as a monolith (Fig. 1). The column was
later cut into 1 cm thick samples which were packed into hermetic bags and frozen.
To describe the morphology of mineral and peat soils, the International Soil Clas-
sification System WRB (IUSS... 2022) was used.

Charcoal was collected from the soil pits by extracting it from the front wall,
which had been cleared with a shovel. Charcoal larger than 2 mm in size, easily vis-
ible to the naked eye, was collected. All charcoal that was found in the range from
the mineral surface of the soil to the soil-forming deposit or permafrost was col-
lected. No charcoal was collected from under the plant litter, i.e. from the mineral
surface of the soil. All the soils from which the charcoal were collected were mineral
and were located either on tundra upland plains or in the basins of drained thermo-
karst lakes. Charcoal in tundra soils are small in size, as they are usually formed
from dwarf shrubs. They are scattered, as they are immersed in the soil during cryo-
turbation. They are often sealed in dense loam and are destroyed during extrac-
tion. Therefore, all more or less large undestroyed charcoal was selected. If charcoal
formed a cluster in the form of a morphon (patch), then the largest charcoal from
this patch was selected. In general, the methodology for extracting soil charcoal
and its subsequent preparation for radiocarbon dating was completely analogous to
previous works (Bobrovsky et al. 2019; Loiko et al. 2022).

Radiocarbon dating and age-depth modelling

Radiocarbon analysis of peat using liquid scintillation spectrometry was carried out
at the Kiev Radiocarbon Laboratory, Ukraine (7 samples, index Ki) and the Institute
of Monitoring of Climatic and Ecological Systems, SB RAS, Russia (3 samples, index
IMCES). Radiocarbon analysis using accelerator mass spectrometry was carried out
at the Poznan Radiocarbon Laboratory, Poland (10 samples, index Poz), the Nation-
al Taiwan University AMS Lab Taiwan (2 samples, index NTUAMS). Preparing for
radiocarbon dating of plant remains samples with IGANAMS index (1 sample) was
carried out at the Laboratory of Radiocarbon Dating and Electron Microscopy of
the Institute of Geography of the Russian Academy of Sciences (Moscow) and radi-
ocarbon analysis using accelerator mass spectrometry was carried out at the Isotope
Research Centre of the University of Georgia (USA). Calibration of the radiocarbon
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age in the calendar was carried out at the OxCal 4.4. program using IntCal20 cali-
bration curve (Reimer et al. 2020). Errors are expressed at the two sigma level of
confidence, and dates are quoted in calendric years BP (Tables 1, 2).

Table 1. Radiocarbon dating for soil charcoal used in this study

Lab. code Depth Material "“C date Calibrated age Location (lat., long.)
(cm) (yr BP, 20) (cal. yr BP, 20)

Poz-120345 40 Charcoal 305+ 30 388 £ 47 N67.36981°, E78.70874°
Poz-121689 26 Charcoal 850 + 30 747 + 39 N67.37308702°, E78.68130051°
Poz-120331 15 Charcoal 925+ 30 844 + 46 N67.37605000°, E78.61897000°
Poz-114028 18 Charcoal 930+ 30 846 + 44 N67.37975953°, E78.63923543°
Poz-121690 68 Charcoal 2445 + 30 2497 £ 105 N67.37308702°, E78.68130051°
Poz-120317 40 Charcoal 2445 + 30 2505 + 105 N67.36981°, E78.70874°
Poz-114031 21 Charcoal 6885+ 35 7715 + 41 N67.38977000°, E78.65852000°
Poz-120332 30 Charcoal 7120 + 40 7948 + 44 N67.36991°, E78.709°
Poz-120334 20 Charcoal 7250 + 50 8080 + 61 N67.36991°, E78.709°
IGANAMS-6115 50 Charcoal 1360 + 20 1291 £ 22 N67.37308702°, E78.68130051°
NTUAMS-8728 80 Charcoal 9168 + 111 10361 + 135 N67.37308702°, E78.70319444°

An age-depth models was established using “rbacon” package in R (Blaauw
and Christen 2011) and IntCal20 calibration curve. Dating obtained for samples
at depths of 275-277.5 cm and 320-322.5 cm is unreliable, in the model they are
marked as "outlier". Age-depth model for the sediment core (CKT-15-3D) suggest
that the sediment covers 11.2 cal kyr BP and lack of sedimentation between 4.4 and
0.8 cal kyr BP (Fig. 3). The upper part of the sediment (0-20 cm) started to accu-
mulate recently.

Table 2. Radiocarbon dating for columns used in this study

Lab. code Depth (cm) Material 14C date Calibrated age Modeled
(yr BP, 20) (cal. yr BP,95.4 %  age (cal. yr
probability) BP)
CKT-15-3D

Ki-20118 7.5-10 Peat 104,6% + 0.9% pMC  Recent 50
Ki-20119 37.5-40 Peat 4510 £ 50 5159 + 94 4903
Ki-20120 132.5-135 Peat 5410 + 90 6194 + 107 6148
Ki-20121 152.5-155 Peat 5580 + 90 6375 + 94 6364
Ki-20123 275-277.5 Peat 600 = 300 589 + 279* 7967
Ki-20122 290-292.5 Peat 7310 + 80 8117 + 89 8170
Ki-20124 320-322.5 Peat 6980 + 140 7812 £ 127 8960

Poz-83157 342.5-345 Plant remains 9100 + 50 10253 + 64 10037
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Lab. code Depth (cm) Material 14C date Calibrated age Modeled
(yr BP, 20) (cal.yr B2, 95.4%  age (cal. yr
probability) BP)
CKT-21
IMCES-14C2851 9-10 Peat 1205 + 85 1124 £ 93 1048
IMCES-14C2850 27-28 Peat 2360 + 95 2428 £ 155 2379
IMCES-14C2849 36-37 Peat 2755 %95 2877 £ 110 2869
NTUAMS-8726-1 45 Plant remains 3026 + 100 3208 £ 110 3275
Laboratory analyses

We divide a charcoal particles into micro-charcoal (DM > 10 um, where DM is the
maximum dimension of the particle) and macro-charcoal (DM > 125 um) particles.

Micro-charcoal analysis

Samples for analysis (~1 cm?®) were taken throughout the thickness of peat sedi-
ments every 1 cm for column CKT-21 and every 2.5-22.5 cm for column CLT-15-
3D. Samples were treated according to palynological methodology (Erdtman 1943),
using acetolysis. One tablet of Lycopodium clavatum spores was initially added
to each weighted sample as a reference for concentration calculation (Stockmarr
1971). For the CKT-15-3D column material, we used tablets with batch numbers
1031 and 3862 (containing 20848 + 1546 and 9666 + 212 spores, respectively). For
the CKT-21 column material, we used only tablets with batch number 3862. CKT-
15-3D column material from depths of 320 cm and below contained silicates and
was treated with HF for 24 hours.

Micro-charcoal and non-pollen palynomorphs (NPP) were counted using a
Zeiss Axiolab Al microscope at 400x and 1000x magnification. Identification of
NPPs was carried out using database NPP-ID (Shumilovskikh et al. 2022a; Shumi-
lovskikh et all. 2022b).

The following formula was used to calculate the micro-charcoal concentration
(M) per cm*:

M= C *Lyc'/ Lyc, (1)

where:

C - the identified number of micro-charcoal;

Lyc' - the identified number of Lycopodium spores;
Lyc' - the number of Lycopodium spores in tablet.
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Macro-charcoal analysis

Samples for analysis (~2 cm?) are taken throughout the thickness of peat sediments
every 1 cm. Standard sample processing technique is used for macro-charcoal
analysis (Whitlock and Larsen 2001; Mooney and Tinner 2011) with using a 10%
solution of KOH and 6% solution of H,O,. Macro-charcoal was counted with a
“Zeiss Axio Zoom.V16” microscope at 45x magnification using a Bogorov’s cam-
era to count the total number of macro-charcoal. The statistical processing of the
obtained data on the concentration of macro-charcoal in sediments is carried out
in the "CharAnalysis" adapted for the "R" program (Higuera 2009). The number of
macro-charcoal particles, their depth, and the upper and lower limits of their age
(by age-depth model), served as the initial data for analysis.

Statistical interpretation of the data was carried out in several steps similar to
the articles by Kupriyanov and Novenko (Kupriyanov and Novenko 2019):

1. Based on the obtained concentration values, the rate of macrocharcoal ac-
cumulation was calculated. Concentration values, sampling depth, and age were
interpolated to bring them to a single time resolution of 70 years, the median time
resolution of the selected samples calculated on the basis of the Age-depth model;

2. Background values of charcoal accumulation rate were calculated to smooth
short-period fluctuations and subsequent separation of local and regional signals.
We chose the Locally Estimated Scatterplot Smoothing (LOESS) regression method
with a smoothing interval of 400 years, which best described the charcoal particle
accumulation curve to identify the background values;

3. To identify local pyrogenic events, a threshold value was calculated assum-
ing that the ‘noises’ are distributed according to the Gaussian model of impurity
dispersion within a user-defined time window. The Signal-to-Noise Index (SNI) was
applied for each time window to assess statistical validity. To unify the statistical
functions, we used a window resolution of 3300 years, the range of SNI values was
from 2 to 5, which satisfies the statistical requirements of the analysis. We set the
95th percentile of the noise distribution as the threshold. If the determined values of
coal accumulation rate were higher than this threshold, it was classified as a reliable
local fire event.

Results

Dating for soil charcoal

The results of soil charcoal dating are summarised in Table 1. Figure 2 shows ex-
amples of localisation of dated charcoal in relation to patches composing the mor-
phological pattern of the soil profile. This figure shows that depth in mineral soils
does not affect the age of the charcoal as it usually does in peat soils. Charcoal more
than 8 cal kyr BP old can be as little as 10 cm below the mineral soil surface, while
charcoal about 2.5 cal kyr BP can be at 60-70 cm deep.
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Figure 3 shows a ranked series of charcoal dates. The dates are grouped into
three areas, two of which are confined to the Early Holocene and two to the Late
Holocene. The largest number of charcoal dates are from the last 2.5 thousand years.
Between 8 and 3 thousand years is a large time interval without dates. The charcoal
with the oldest date to be 10366+133 cal yr BP and sampled from a depth of 80 cm.
In this case it is confined to an ancient humus structure of dark grey colour, which
arose on the site of a melted ice wedge during the Holocene climate warming, which
occurred not earlier than the considered date.

750+£39 cal BP

7940+44 cal BP

25254105 cal BP

permafrost MW R ' J  permafrost

Figure 2. Examples of soils studied and locations of dated charcoal: A — Gleyic Cryosol at
the foot of a slope; B - Gleyic Cryosol at the summit of a slope; C — Cryic Epifibric Endohe-
mic Histosol in a depression on a polygon of the peat plateau; D — Hemic Cryic Histosol on
a polygon of the peat plateau.
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OxCal v4.4.4 Bronk Ramsey (2021); r:5 Atmospheric data from Reimer et al (2020)

Poz-120345 4
Poz-121689 4
P0z-120331 !_L
Poz-114028 {L
IGANAMS-6115 +
Poz-121690 e
Poz-120317 Ay
Poz-114031 4
Poz-120332 +
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Sum -1 & R
T 2000 10000 8000 6000 2000 2000 0

Calibrated date (calBP)

Figure 3. Calibrated dates of soil charcoal.

Age-depth models of peat deposits of polygonal permafrost peat plateaus

The peat deposit of the studied peat plateau is about 340 cm deep, with lake sedi-
ments below it, which were drilled to a depth of 400 cm. The highest intensity of
peat accumulation was during the period from 8 to 5.5 cal kyr BP. Thereafter, the
intensity of peat accumulation generally decreased and became highly variable de-
pending on the microtopography. Thus, on polygons with convex center it almost
ceased and for about 5 thousand years it was no more than 25 cm (Fig. 4). At the
same time, polygons with concave center accumulated 48 cm of peat over a period
of 3.5 thousand years.

Peat accumulation rates in profile CKT-21 slowed throughout the studied pe-
riod, especially from 2.3 cal kyr BP (Fig. 4A). These differences in peat accumula-
tion rates are also reflected in the morphology of the peat soils. Thus, in the CKT-21
profile, the upper 20 cm of peat has a predominantly sedge and sphagnum composi-
tion of plant macrofossils (Fig. 2C, D). This horizon is diagnosed as Oi. At the same
time, in the upper 20 cm of profile CKT-15-3D the peat consists of macrofossils of



The most comprehensive history of fire activity in the Pur-Taz interfluve over the last 11,000 years 1765

shrubs, lichens and green mosses. This horizon is diagnosed as Oe. Thickness of the
active layer also differs, in profile CKT-21 it is 10-15 cm more.

Micro-charcoal and NPP

The full CKT-15-3D column contain 400 cm and consist of lake sediment (400-340
cm) and peat sediment (340-0 cm). The concentration of microcharcoal at lake
sediment part (11.2-9.7 cal kyr BP) is quite high (56K-230K particles). The peat
sediments of core CKT-15-3D can be divided into 2 periods based on the number
of micro-charcoal. The period 11.2-8 cal kyr BP, for which a high concentration of
micro-charcoal (1.3K-806K particles) and the period 8-4.4 cal kyr BP, for which
a low concentration of micro-charcoal (1.3K-19K particles) is noted. The spores
of Gelasinospora are presence at: 11.2, 10.7, 10.6, 9, 8.2, 8.1, 7.7, 5.4 cal kyr BP. The
spores of Glomus are presence at: 11.2, 8.9, 8.3, 8.1, 8, 7.9, 6.7, 6.4, 4.9 cal kyr BP
(Fig. 5A).

The 48 cm column CKT-21 is divided into four periods. Period 3.4-3 cal kyr BP,
a minimum concentration of charcoal (8K-22K particles) is noted. In the period
3-2.3 cal kyr BP, the concentration of charcoal increases, ranging from 25K-88K
particles. The maximum charcoal concentration is during the period 2.3-1.1 cal
kyr BP (20K-106K charcoal particles). Around 1.1 cal kyr BP, the concentration of
micro-charcoal decreases and during the period 1.1-0 cal kyr BP makes 2K-31K
particles. The spores of Gelasinospora is presence at: 2.9, 2.8, 2.6, 2.5, 2.4, 2.3, 2.2,
1.8,1.7,1.5,1.4, 1.2, 1.1, 1 cal kyr BP, ~251 cal yr BP and ~24 cal yr BP. The spores
of Glomus are presence at: 3.4, 3.3, 2.6, 2.4, 2.3, 2.2, 1.8, 1.5, 1.2, 1, 0.8 and 0.5 cal
kyr BP (Fig. 5B).
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Figure 4. Bacon age-depth models for (A) column CKT-21 and (B) CKT-15-3D. Calibrated
14C AMS dates are shown in transparent blue, and the age-depth model is shown in grey
(darker greys indicate more likely calendar ages; grey dashed lines show 95% confidence
intervals).
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Macro-charcoal

Results of macro-charcoal accumulation rate calculations obtained using the CharA-
nalysis software show the dynamics of local fires, over ~3.5 cal kyr BP (Fig. 6).

Background char accumulation rates ranged from 0.1 to 4.2 char particles per
cm?/yr (c. p. per cm?/yr). The three events with the highest charcoal accumulation
rates were observed between ~2.2 cal kyr BP and 3-2.3 cal kyr BP (4.2 c. p. per cm?/
yr), 2.6 cal kyr BP (3.1 c. p. per cm?/yr), and 2.9 cal kyr BP (3.8 c. p. per cm?/yr). The
minimum background accumulation rate was observed between ~0 and 0.8 cal kyr
BP (0.1-0.6 c. p. per cm?*/yr). CharAnalysis interpretation of fire events recorded 13
local fire episodes (Fig. 5): 0.6, 1.1, 1.2, 1.3, 1.5, 1.6, 2, 2.3, 2., 2.6, 2.7, 2.9 and 3.2 cal
kyr BP.
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Figure 5. Charcoal and non-pollen palynomorphs for columns CKT-15-3D(A) and CKT-
21(B).

Discussion

Our complex study of five terrestrial paleofire proxies for the landscapes of the Pur-
Taz interfluve is the first such work for the Yamal-Gydan ecoregion. Charcoal in
peat appears not only due to fires in the peatlands itself, but also due to wind-borne
input from the surrounding upland landscapes. The study of charcoal in the soils
(Figs 2, 7) of the latter allowed the two archives to be compared. Such research has
never been carried out before, not only in the region under study, but also in the



The most comprehensive history of fire activity in the Pur-Taz interfluve over the last 11,000 years 1767

whole of Western Siberia. In this connection, some features of the location of char-
coal in soils should be considered.

We identified four main types of charcoal transport mechanisms in mineral
soils. (1) Transport by cryoturbation (Fig. 2B). This process is more characteristic
of the thixotropically patterned summit slope of an upland tundra. (2) Charcoal
deposition in a microtopographic depression following fire, activating erosion pro-
cesses (Fig. 7A). (3) Charcoal deposition as a result of melting of ice veins in the first
half of the Holocene during climate warming (Fig. 7B). (4) Transfer of charcoal to
thermokarst lakes by coastal abrasion, its deposition on the bottom with subsequent
accumulation of peat after lake drainage (Fig. 7C).
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Figure 6. Local fire frequency for column CKT-21.
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1286422 cal BP

843444 cal BP

10366+133 cal BP

Figure 7. Examples of soils studied and locations of dated charcoal: A - Gleyic Cryosol;
B - Gleyic Cryosol (Ochric); C - Histic Gleysol (Gelic).

Analyses of charcoal dates show that relatively young charcoal (less than 2,000
years old) can be found at rather deeper depths (more than 50 cm). This is asso-
ciated with active cryoturbation in the areas of thixotropically patterned ground.
This weakly depth-dependent distribution of radiocarbon dates is similar to the
distribution of the age of organic matter in the profile of cryogenic soils, for which
relatively young radiocarbon dates have also been recorded at deep depths (Palmtag
et al. 2015). Cryoturbations lead to inversion of radiocarbon dates in peat depos-
its as well, which is well known (Pastukhov et al. 2021; Tikhonravova et al. 2023).
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However, there are also cases of ancient dates located near the surface (see Fig. 2A).
Such soils are found at the foot of slopes, where the soil is more stable due to the
organogenic horizon.

The presence of charcoal of about 8 thousand cal. yr BP in the surface horizons
of Gleyic Cryosol indicates that permafrost soils protect charcoal from decomposi-
tion. Earlier it was stated that charcoal in soil can be completely decomposed in 4-5
thousand years (Kuzyakov et al. 2014). Obviously, under conditions of permafrost
and gleyisation, charcoal decomposes much more slowly. Cryosols can be consid-
ered a good archive of paleofires. These soils provide not only high spatial resolu-
tion, but also high temporal resolution.

The Gelasinospora and Glomus tungi used in this work have not been previously
used for the tundra of Western Siberia. Therefore, when interpreting the fact of their
presence in a peat deposit, it is necessary to take into account some features of the
tundra environment. For example, the fungus Gelasinospora is considered to be car-
bonicolous, which means that it grows on both burnt soil and burnt wood (Lageard
and Ryan 2013; Stivrins et al. 2019), and the fungus Glomus grows on open eroded
soil (Van Geel et al. 2011). In the boreal region, a significant part of the communi-
ties are woodlands, whereas in the tundra, the woody biomass that is able to burn
is much lower. Therefore, in the tundra, the number of Gelasinospora spores will be
strongly dependent on the proportion of shrubs and dwarf shrubs and will be sig-
nificantly lower compared to similar spectra in boreal regions. And Glomus spores
can probably form in the tundra not only after post-pyrogenic erosion, but also
without fires at all, during cold periods, when solifluction and patterned ground
formation processes are activated. It is therefore possible that Glomus spores are not
always associated with other proxies.

To discuss the fire history in the region, we collected all the proxy data used in
the study. Microcharcoal, which records more regional fires. Macrocharcoal, soil
charcoal, and fungal spores, which record local fires. Given the different resolution
of the CKT-15-3D and CKT-21 cores, we visualized the results with a time resolu-
tion of 500 years for a more relevant presentation of the results in Fig. 8.
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Figure 8. Indicators of fire events for the last 11.2 cal kyr BP.

We identified three time periods that reflect millennial changes in fire activity.
In the first period from 11.2 to 7.5 cal kyr BP, high fire activity was recorded. In the
second period from 7.5 to 3.5 cal kyr BP the number of fire events is minimal. In the
third period from 3.5 cal kyr BP to the present day, the number of pyrogenic events



1770 Nikita V. Shefer et al. / Acta Biologica Sibirica 10: 1755-1777 (2024)

is maximum, and the maximum occurs in the second and third millennia from our
days.

Fire events of the first period are recorded in all proxy types. High fire activity
at the beginning of the Holocene has previously been reported for the study area
(Peteet et al. 1998), and our data confirm this. The most intense fires occurred im-
mediately after the 8.2 cal kyr BP event. This event has been associated with climate
cooling (Zhao et al. 2022), but it is currently difficult to assess the mechanism of fire
occurrence after this cooling.

In the second period, only one fire was recorded, which occurred 5.4 cal kyr
BP. Also, the appearance of Glomus spores was noted for this period, in the absence
of other proxies, which may be associated with deflationary processes. A decrease
in the frequency of fires during this period is consistent with data for the middle
taiga of Western Siberia (Loiko et al. 2022, Pupysheva and Blyakharchuk 2024). In
contrast, for north Yenisei Siberia has a significant frequency of fire events during
the periods 6.3-5.8 cal kyr BP (Novenko et al. 2023). There are other regions of the
Arctic that experienced a significant number of fire events during this period. In the
southeast of the Kola Peninsula, for example, at least 12 fire events were recorded
between 7000 and 5000 cal BP (Mergelov et al. 2024).

The third period is characterised by the highest fire frequency. In published
studies for the studied region, this period is the one with the least data, as peat de-
posits with extremely slow (or interrupted) peat accumulation were analysed dur-
ing this period (Peteet et al. 1998; Tikhonravova et al. 2023; Pastukhov et al. 2021).
The peat deposit with active peat accumulation in the second half of the Holocene
selected in our work, as well as the use of soil charcoal dating, made it possible to
record high fire activity during this period. Similar results have been obtained for
the middle taiga (Loiko et al. 2022; Pupysheva and Blyakharchuk 2024) and for
Putorana Plateau (Novenko et al. 2022). Since this period was not the driest, we can
assume the influence of ancient anthropogenic activities. There are archaeological
sites a few kilometers from the field site. We know of settlements that existed in the
second half of the fourth millennium, the middle of the second millennium and
the beginning of the first millennium. For the last five hundred years there have
been Russian settlements in the lower reaches of the Taz River (Stepanova and Sy-
uzyumov 2019; Tkachev and Tkachev 2019; Tkachev 2018). A similar relationship
between fire frequency and features of archaeological cultures has been noted previ-
ously for the southwest of Western Siberia (Ryabogina et al. 2024).

Conclusion

The study is the first to compare different landscape paleofire proxies with very dif-
ferent recording mechanisms. This allowed information on fire activity to be ob-
tained for almost the entire Holocene. The work demonstrates the prospects of such
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an approach, due to which the records of peat columns of large peat depressions and
soils of upland plains complement each other.

For paleoecological studies in the Yamalo-Gydan ecoregion, the analysis of
peat deposits of concave polygons of permafrost peat plateaus turned out to be very
promising. In these polygons, peat accumulation has been uninterrupted for the last
four millennia.

The mechanisms of charcoal transfer to soils are considered. Charcoal trans-
fer in mineral soils depends strongly on the microtopographic position of the soil
profile. Under the influence of suprapermafrost water with the formation of a peat
horizon, the intensity of cryoturbation decreases. Ancient charcoal may occur near
the mineral surface. In soils with the highest cryoturbation activity, young charcoal
often occurs at depth.

Three periods with different frequencies of fire events were identified. Accord-
ing to the generalised data, the number of fire events was estimated for intervals of
0.5 millennia. The frequency of pyrogenic events in these periods was determined
by both climatic events and ancient human influence.
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