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A B S T R A C T

With the increase in global wildfire activity in response to global climate warming, the reconstruction of long-
term fire histories and their links to environmental and anthropogenic factors has recently become an impor-
tant focus of palaeoenvironmental research. Here we compare the precisely radiocarbon (14C) dated long-term
histories of vegetation change and fire activity from lakes Ochaul (Cis-Baikal) and Kotokel (Trans-Baikal) in
the Lake Baikal Region (LBR) of Siberia, a known source region of wildfires whose past and future relationships
with climate, vegetation structure and human economy are still poorly understood. Our results show that under
cold and dry glacial climate conditions (32–18.2 ka BP) fire frequencies in both study regions were low.
Deglaciation, which was characterised by the spread of woody plants, began around 18.2 ka BP, accompanied by
a slight increase in fire activity. Differences in the fire records from both subregions are observed from the end of
the Lateglacial (LG), with peak fire activity in Cis-Baikal during the Early Holocene (EH) and in Trans-Baikal
during the Middle Holocene (MH). During the Late Holocene (LH) both regions are marked by generally low
fire activity. We propose that the long-term spatiotemporal differences in fire activity during the EH–MH interval
are primarily driven by vegetation composition and landscape openness and the resulting changes in fire regime.
Interestingly, both peaks are also observed in a global-scale fire record, which suggests spatiotemporal
complexity of the Holocene fire history. Low charcoal accumulation rates in both records during the Middle
Neolithic (ca. 6660–6050 a BP) “cultural hiatus” archaeologically documented for Cis-Baikal suggest an LBR-
wide population decline. On the other hand, the spread of Late Bronze and Iron Age cultures into the LBR
from 3.5 ka BP may have at least partly driven the increase in fire frequency around Lake Kotokel.

1. Introduction

Located in the southern part of Siberia (Fig. 1a), Lake Baikal (Fig. 1b)

is the oldest and deepest lake in the world. It contains about 20% of the
global unfrozen fresh water reserves and hosts a rich freshwater fauna,
including a large number of endemic species (Galaziy, 1993). This
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underscores the exceptional value of the Lake Baikal Region (LBR) for
evolutionary science (Simonov et al., 2022) and secures its place on the
UNESCO World Heritage List (https://whc.unesco.org/en/list/754).
However, global warming of recent decades and increasing anthropo-
genic impact have caused a multitude of problems that are causing
growing concern about the protection and preservation of the LBR
environment (Bilgaev et al., 2021; Simonov et al., 2022). Because the
modern climate in the LBR, outside the mountain ranges, varies from
semi-humid to semi-arid (Alpat’ev et al., 1976; Kobe et al., 2020), the
regional environment is particularly sensitive to changes in temperature
and moisture supply (Kostrova et al., 2020). One of the most serious
problems in the region, which includes vast and topographically com-
plex areas of the Irkutsk Oblast (Cis-Baikal) and the Republic of Buryatia
(Trans-Baikal), are wildfires threatening nature and people and
releasing huge amounts of carbon into the atmosphere (e.g. Dixon,
2021). The risk of wildfires is high across the LBR, covered with boreal
(taiga) forests, where tree cover makes up more than 80% of the terri-
tory (Fig. 1c). However, the 2001–2007 fires were widely distributed
across the relatively dry south (De Groot et al., 2013; Safronov, 2020),
where boreal forests occupy a smaller area and forest-steppe and steppe
landscapes are more common (Galaziy, 1993).

Devastating wildfires are not limited to the LBR, but are a common
problem for the mid-latitudes of Eurasia (Goldammer and Furyaev,
1996) and North America (Barrett et al., 2013; Halofsky et al., 2020),
which has become aggravated in the 21st century (Barhoumi et al.,
2021). However, recent studies show that modern fire regimes differ
between North American (predominantly ‘crown’) and Eurasian (pre-
dominantly ‘surface’) boreal forests (De Groot et al., 2013). Recon-
struction of the Holocene fire history in Central Yakutia, north of the
LBR, suggests that temporal shifts in the fire regime from the crown to
the surface may occur in the same region (Katamura et al., 2009).

Better understanding of the long-term impacts of wildfires on the

boreal landscape, along with a robust assessment of the relationships
between fires, regional climate and human activities (Blarquez et al.,
2015), requires high-resolution and well-dated records, including
data-model comparisons to draw more accurate conclusions (Hély et al.,
2010). Intensive efforts to generate and discuss Holocene fire records
have been undertaken in the boreal forest zone of Fennoscandia (e.g.
Clear et al., 2014; Lankia et al., 2012; Magne et al., 2019), Northern
Urals (e.g. Barhoumi et al., 2019, 2020), Northeast China and Mongolia
(e.g. Wang et al., 2022) and Canada (e.g. Carcaillet et al., 2001; Hély
et al., 2010; MacDonald et al., 1991; Talon et al., 2005). Siberia is a
known source region of wildfires, which impacts on climate and air
quality and their effects on mortality and the economy under present
and near-future warming remain poorly understood (Yasunari et al.,
2024). While a few studies address the fire history of the last one to two
millennia (e.g. Eichler et al., 2011; Glückler et al., 2021; Lamentowicz
et al., 2015; Z. Wang et al., 2021), little is known about the fire history of
the entire Holocene period (Barhoumi et al., 2021; Glückler et al., 2022)
or other interglacials. Wildfire records from the Late Pleistocene period,
including the Lateglacial (LG) and the Last Glacial Maximum (LGM), are
particularly rare (Shichi et al., 2009, 2013). Unlike the vast boreal re-
gions of Europe and North America, the LBR was not covered by
extensive ice sheets during the LGM, as indicated by existing geomor-
phological (Osipov et al., 2003; Osipov and Khlystov, 2010), botanical
(Bezrukova et al., 2009; Kobe et al., 2022b), zoological (Khenzykhenova
et al., 2019; Markova et al., 2015; Puzachenko et al., 2017; Shchetnikov
et al., 2015) and archaeological records (Dolukhanov et al., 2002; Fiedel
and Kuzmin, 2007; Lbova, 2009; Vasil’ev et al., 2002). Major vegetation
changes during the Late Pleistocene–Holocene interval and uninter-
rupted habitation by anatomically modern humans since the Upper
Palaeolithic (Chlachula, 2017; Weber, 2020) make the area around Lake
Baikal promising for the study of long-term changes in wildfire regimes
and the complex interactions between fire, vegetation, climate and

Fig. 1. (a) Map showing the location of the Lake Baikal Region (LBR: black rectangle), Lake Sihailongwan (Sih), Lake Satagay (Sat), Lake Khamra (Kha) and
Mamakan Peat (Mam) in northern Asia; (b) Topographic map of the LBR with modern hydrology and location of the studied lakes Ochaul and Kotokel. White squares
indicate the location of other key sites mentioned in the text and black dots represent modern cities. Topographic information is based on 90-m resolution Shuttle
Radar Topography Mission (SRTM) v4.1 data (Jarvis et al., 2008); and (c) AVHRR-based modern tree cover (DeFries et al., 2000) in the LBR (maps in b and c after
Kobe et al., 2020 with modifications).
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human populations (Tarasov et al., 2021).
In this paper we present the results of microcharcoal and pollen

analyses of two Accelerator Mass Spectrometry (AMS) radiocarbon-
dated sediment cores from Lake Ochaul in Cis-Baikal and Lake Kotokel
in Trans-Baikal. These results, which cover the past ca. 32 ka, are dis-
cussed with regard to the fire and environmental history of the two
subregions. Furthermore, the reconstructed changes are compared with
published archaeological records of human occupation.

2. Data and methods

2.1. Study sites and analysed cores

2.1.1. Lake Ochaul
Freshwater Lake Ochaul (Fig. 2a; 54.23◦N, 106.47◦E; 641 m a.s.l.) is

located in the upper reaches of the Lena River, about 100 km northwest
of Lake Baikal (Fig. 1b). It has a maximum length of ca. 2.7 km, a
maximum width of ca. 1.2 km (Boyarkin, 2007) and a maximum water
depth of about 2.5 m in its central part (Kobe et al., 2022a). The lake is

Fig. 2. Topographic maps of (a) Lake Ochaul and (b) Lake Kotokel indicating the location of the bottom sediment cores discussed in this study.
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situated in a trough-shaped valley drained by the Malaya Anga River,
which flows to the Bol’shaya Anga River – a right tributary of the Lena
River (Fig. 1b). The valley floor is flat and swampy (Fig. 2a), and the
slopes are covered with larch-dominated (Larix) boreal forest, which
also consists of abundant birch (Betula sect. Albae) and Siberian pine
(Pinus sibirica) trees, with admixture of spruce (Picea obovata) and fir
(Abies sibirica) (Kobe et al., 2022a). The undergrowth is represented by
shrubby birches (Betula sect. Fruticosae and B. sect. Nanae), shrubs of
alder (Alnus fruticosa) and willow (Salix), diverse members of the heath
family (Ericaceae), various herbaceous taxa, ferns and mosses (Belov
et al., 2002). Meteorological data from Kachug (Fig. 1b) indicate a cold
continental climate with high interannual variability in precipitation
(212–480 mm; 318 mm on average) and mean January temperature
(− 36.3 to − 24.1 ◦C; − 28.4 ◦C on average) during the 1961–1990 in-
terval, while the mean temperatures of July (+14.7 to +19.5 ◦C; +17.2
◦C on average) and the year (from − 5.2 to − 2.4 ◦C; − 4.0 ◦C on average)
are less variable (http://www.pogodaiklimat.ru/history/30622.htm,
accessed in April 2024).

The 7.24-m-long sediment core Och18-II (Fig. 3b) was recovered
from the deepest part of the lake (Fig. 2a) in 2018 (see Kobe et al.,
2022a, 2022b for details). The published age-depth model of the core
based on extensive AMS 14C dating (Fig. 3a) suggests lacustrine sedi-
ment accumulation during the past ca. 31.5 ka (Kobe et al., 2022b).

Earlier studies of the Och18-II core were focused on the past 13.5 ka
(e.g. Kobe et al., 2022a) and the LGM interval from ca. 27.85 to 20.4 ka
BP at centennial resolution (Kobe et al., 2022b) and reported results of
sediment geochemistry, pollen and ostracod analyses and zooarchaeo-
logical data from a coastal archaeological site (Fig. 2a), which allowed
to discuss changes in terrestrial vegetation, lacustrine environments and
hunter-gatherer habitation history of the Upper Lena (Kobe et al.,
2022a). In this paper, the published chronology and results of pollen
analysis are combined with new results obtained for the remaining part
of the Och18-II core.

2.1.2. Lake Kotokel
Lake Kotokel (Fig. 2b; 52.49◦N, 108.09◦E; 458 m a.s.l.) is located

about 2 km from the eastern shore of Lake Baikal and connected to the
latter via the Istok, Kotochik and Turka river system (Kostrova et al.,
2013). Lake Kotokel is a 15-km-long and approximately 6-km-wide
basin, with an average depth of 4–4.5 m and a maximum depth of 15
m (Shchetnikov et al., 2022). The shoreline reflects the complex
topography of the surrounding area (Fig. 2b) with alternating hills, low
mountain ranges and floodplains.

The natural vegetation around the lake has been affected by recent
human activities. A detailed study of vegetation structure was carried
out in a better-preserved wetland southwest of the lake, known as the
Cheremushka Bog (Fig. 2b). Its marshy area is covered with reed and
sedge communities, low-growing birch trees and shrubs of the heath
family. The elevated rocky ledges and aeolian sands outside the bog are
covered with Scots pine (Pinus sylvestris) forests with admixture of larch
and birch trees and heath semi-shrubs (e.g. Ledum palustre and Vaccinium
uliginosum) in the understory (Shichi et al., 2009). Boreal evergreen
conifer forests with Siberian pine, fir and spruce grow on the mountain
slopes of Ulan-Burgasy south of the lake. At altitudes above 1800 m,
mountain taiga gives way to birch and larch forests and shrub commu-
nities with Pinus pumila, Alnus fruticosa and Betula middendorfii (Bezru-
kova et al., 2010), while in the semi-arid, lower parts of the region
(Fig. 1b), steppe vegetation is widespread (Fig. 1c).

Meteorological observations from the Goryachinsk weather station
(Fig. 1b), situated ca. 15 km northeast of Kotokel, reveal an annual
precipitation of 396 mm, an average January temperature of − 18.1 ◦C
and an average July temperature of +14.3 ◦C for the period 1961–1990
(http://www.pogodaiklimat.ru/history/30731.htm, accessed in April
2024). These values indicate a less continental climate compared to Lake
Ochaul and the Trans-Baikal area to the south and east, which can be
explained by the strong influence of Lake Baikal on the local climate
(Galaziy, 1993).

Over the past two decades, Lake Kotokel and the coastal Cher-
emushka Bog have been cored several times for the purpose of

Fig. 3. (a) Age-depth model and (b) lithology of the Och18-II sediment core.
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palaeoenvironmental reconstructions using a set of biological and
geochemical proxies (Bezrukova et al., 2010; Fedotov et al., 2012;
Kostrova et al., 2013; Müller et al., 2014; Shichi et al., 2009; Tarasov
et al., 2019). Despite the progress in understanding the climate and
vegetation history of the region made by previous studies, the age of
published records based on a limited number of 14C dates remains
ambiguous.

In 2019, the so far longest available sediment core from Lake Kotokel
(KTK19-II, Fig. 4b), measuring 14.5 m in length, was recovered from a
depth of 3.6 m in the southern part of the lake (Fig. 2b) with an almost
flat bottom and the thickest layer of undisturbed sediments (Zhang et al.,
2013). The core was studied for palaeomagnetic properties, but not
directly dated (Shchetnikov et al., 2022). The current paper presents a
new chronology for the KTK19-II core based on a representative set of
sediment samples dated in the Poznań Radiocarbon Laboratory and the
results of pollen and microcharcoal analyses of the core.

2.2. 14C dating and chronology of the KTK19-II core

A total of 26 bulk sediment samples from KTK19-II (Table 1) were
submitted to the Poznań Radiocarbon Laboratory and 14C-dated using
the AMS technique. We calibrated all reported 14C ages using the
IntCal20 calibration curve (Reimer et al., 2020) in OxCal v4.4 (Bronk
Ramsey, 1995). To model the age-depth relationship of the sequence
(Fig. 4a), we employed the rbacon software package v3.2.0 (Blaauw and
Christen, 2011) in the R v4.3.2 platform (R Core Team, 2016). The
rbacon package uses Bayesian approaches for chronological modelling,
allowing for inclusion of prior knowledge about the changes in stratig-
raphy or sedimentation rate (Wang et al., 2019). The top of the sequence
(i.e. 0 cm depth) was constrained to − 69 a BP, corresponding to the year
2019 CE when the core was recovered. Several dates from the lower part
of the sequence exhibited obvious age-depth reversals and were
excluded from the model. A more thorough examination in the Poznań
Radiocarbon Laboratory revealed that these samples contain relatively
large amounts of organic particles, likely reworked from older sedi-
ments. The most obvious reason for this was greatly increased soil
erosion rates in the lake catchment, which coincided with decreasing

temperatures at the end of Marine Isotope Stage (MIS) 3 (e.g. Marshall
et al., 2017). To avoid inadequate age control and contamination by
reworked older palynomorphs, we did not analyse the lower part of the
KTK19-II core between 14.5 and 10.3 m and restricted the pollen and
microcharcoal analyses to the upper 10.3 m.

2.3. Pollen and microcharcoal analyses

Extraction of pollen, cryptogam spores and microcharcoal particles
was carried out following the protocol described in Leipe et al. (2019). It
includes treatment of a given sediment sample with 10% HCl, 10% KOH,
dense media separation using sodium polytungstate (SPT) at a density of
2.1 g/cm3 and following acetolysis. In order to estimate palynomorph
concentrations (Stockmarr, 1971) and accumulation rates (Knight et al.,
2022), a known quantity of exotic Lycopodium clavatum marker spores
was added to each sample prior to further chemical treatment. All
palynomorphs were counted using a light microscope at 400× magni-
fication. Taxonomic identification of pollen and cryptogam spores was
carried out using available pollen atlases (Beug, 2004; Reille, 1992,
1995, 1998; Savelieva et al., 2013) and a reference collection. This
protocol was already applied to 124 samples, which represent the LGM
(Kobe et al., 2022a) and LG-Holocene (Kobe et al., 2022b) sections of the
Och18-II core covering ca. 27.85 to 20.4 ka BP and the past 13.5 ka,
respectively. In the current study we added another 47 samples, each
representing a 1-cm-thick sediment layer, from not yet analysed parts of
Och18-II for pollen analysis. Finally, microcharcoal particles, used as a
fire proxy (Clark, 1988a; Tinner et al., 1998; Whitlock and Larsen,
2001), were counted in all 171 palynologically analysed samples,
spanning the entire sediment sequence. For the purposes of this study,
pollen, spores and charcoal particles were also counted in a total of 104
sediment samples from the upper 10.3 m of KTK19-II.

The charcoal particles were categorised into three size classes
(10–50 μm, 50–100 μm and >100 μm) based on measurement of the
longest axis of each particle. Larger charcoal particles (>100 μm) tend to
be deposited close to their source, whereas smaller particles (<100 μm)
can travel farther, generally reflecting regional fire sources (Clark,
1988b; Clark et al., 1998; Ohlson and Tryterud, 2000). Duffin et al.

Fig. 4. (a) Age-depth model and (b) lithology of the KTK19-II sediment core.
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(2008) showed that particles larger than 50 μm are more strongly
correlated with proximate fires, while smaller particles might signify
fires on a regional scale or may not consistently indicate the occurrence
of fire events. Charcoal particles smaller than 10 μm (i.e. <75 μm2 in
area) likely represent subcontinental or global sources (Clark, 1988b).

The macroscopic fraction of charcoal (>100 μm) was analysed using
the stand-alone computer program CharAnalysis through MATLAB
(Higuera et al., 2009), which divided the record into peaks representing
fire (Cpeak) and low charcoal frequency “non-fire” (Cbackground) episodes.
Charcoal concentration was interpolated (Cinterpolated) to produce
equally spaced intervals (using the age-depth models shown in Figs. 3a
and 4a), representing the median sample resolution of the records (i.e.
42 a/cm for Lake Ochaul and 28 a/cm for Lake Kotokel). This allowed
the interpretation of the record in terms of charcoal accumulation rates
(CHAR, particles/cm2/a). Cbackground was estimated using a locally
weighted regression (lowess) with a 200-year window width for Lake
Kotokel and a 250-year window width for Lake Ochaul, selected to
maximise the signal-to-noise index (SNI) (Brossier et al., 2014). Cpeak
was calculated as the difference between Cinterpolated and Cbackground. The
fire frequency and fire return interval (FRI, i.e. number of years between
two fire events) were smoothed over a period of 1000 years.

Tilia v1.7.16 software (Grimm, 2011) was used for calculating
terrestrial pollen and cryptogam taxa percentages and concentrations
and drawing the diagrams for both Och18-II and KTK19-II records. For
all analysed fossil samples calculated pollen taxa percentages refer to the
sum of terrestrial pollen grains. When drawing the boundaries of
bioclimatic zones, we followed internationally accepted age estimates
(Cheng et al., 2020; Lisiecki and Raymo, 2005; Nakagawa et al., 2021;
Walker et al., 2018).

2.4. Quantitative vegetation reconstruction

The quantitative pollen-based biome reconstruction approach
(Prentice et al., 1996) allows objective interpretation of pollen data and
facilitates comparisons between the individual records and the results of
climate and vegetation modelling experiments (e.g. Kageyama et al.,
2001; Prentice et al., 1992). Tests using representative modern reference

pollen data from northern Eurasian have demonstrated the reliability of
the method (e.g. Prentice and Webb III, 1998; Edwards et al., 2000;
Mokhova et al., 2009; Tarasov et al., 1998) and justified its effectiveness
for reconstructions of Late Pleistocene and Holocene vegetation of this
large region (e.g. Binney et al., 2017). In the current study all terrestrial
pollen taxa identified in the Och18-II and KTK19-II records were
assigned to their corresponding plant functional types (PFTs) and bi-
omes following the biome-taxon matrixes presented in recent publica-
tions reconstructing vegetation dynamics in Cis-Baikal (Kobe et al.,
2022a, 2022b) and Trans-Baikal (Bezrukova et al., 2010; Kobe et al.,
2020). The affinity scores for the natural potential biomes were calcu-
lated using an equation first published in Prentice et al. (1996).

Landscape openness was assessed by calculating the difference be-
tween the maximum forest biome score and the maximum open biome
score calculated for each analysed spectrum (Tarasov et al., 2013). More
recently, Abraham et al. (2021) used spatial patterns in recent total and
arboreal pollen (AP) accumulation rates (PARs) across Europe as a tool
for vegetation reconstruction. They showed that in a treeless landscape,
at least 140 grains/cm2/a can be found, and every 10% increase in forest
cover leads to an increase in woody PAR by at least 400 grains/cm2/a.
Although a comparable study has not been conducted in the LBR, the
published European dataset provides a qualitative tool to gain insights
into forest dynamics and landscape openness around the studied lakes.

3. Results

3.1. Lake Ochaul

3.1.1. Chronology
The existing age-depth model for the Och18-II core (Fig. 3a; Kobe

et al., 2022b) was used to date the not yet analysed sediment sections
(Fig. 3b) at 724–700 cm (massive silty clay with sand) and 462–300 cm
(massive, partly laminate silty clay). They represent the late MIS 3 and
the early LG intervals and are dated to ca. 31.5–30 and 19.5–14.5 ka BP,
respectively. According to the age model, each 1-cm-thick layer ana-
lysed represents an average interval of 45 years, and the interval be-
tween analysed samples varies from 45 to 180 years.

Table 1
AMS 14C dating results from the KTK19-II sediment sequence and their calibrated and modelled ages in 95% probabilistic range and median. The calibration is
performed using OxCal v4.4 (Bronk Ramsey, 1995) and IntCal20 (Reimer et al., 2020).

Laboratory
code

Depth (cm below
core top)

14C date (14C a
BP)

Calibrated age, 95% range
(a BP)

Calibrated age, median
(a BP)

Modelled age, 95% range
(a BP)

Modelled age, median
(a BP)

Poz-129844 8 195 ± 30 NA 184 300–− 32 160
Poz-129845 96 2730 ± 30 2877–2759 2817 2920–2749 2811
Poz-129846 213 4350 ± 35 5035–4845 4918 4994–4556 4879
Poz-129848 321 5030 ± 35 5898–5660 5801 6428–5757 5883
Poz-129849 413 7430 ± 35 8343–8180 8263 8358–8058 8252
Poz-130168 513 9190 ± 50 10499–10240 10352 10629–10248 10396
Poz-154463 578 10440 ± 50 12615–12059 12337 12638–12085 12422
Poz-154162 629 12410 ± 60 14917–14210 14534 14779–14117 14385
Poz-154163 677 13090 ± 60 15911–15487 15693 16161–15527 15766
Poz-155264 737 15650 ± 80 19097–18795 18920 19223–18711 18924
Poz-154464 771 17370 ± 90 21341–20746 20957 21277–20567 20918
Poz-154465 819 19230 ± 110 23714–22940 23159 23315–22545 23043
Poz-154466 867 20260 ± 120 24697–23940 24346 24662–23941 24291
Poz-154467 927 21120 ± 140 25771–25158 25465 26656–25425 25759
Poz-154468 960 23450 ± 170 27856–27317 27615 28018–27257 27604
Poz-154469 996 26040 ± 310 31040–29852 30357 30262–28778 29497
Poz-154460 1044 28030 ± 300 33060–31336 32087 31899–30369 31330
Poz-155201 1092 28600 ± 420 34024–31777 32862 33210–31635 32474
Poz-155202 1126 28740 ± 420 34147–31905 33060 34064–32346 33276
Poz-154601 1174 43000 ± 2000 52322–42845 46363 35535–33317 34442
Poz-154782 1222 >44000 NA NA 36840–34270 35539
Poz-154781 1258 >42000 NA NA 37834–34988 36360
Poz-154778 1293 >43000 NA NA 38796–35667 37169
Poz-155263 1341 >44000 NA NA 40075–36652 38263
Poz-154780 1401 41000 ± 2000 50623–42016 44696 41634–37845 39655
Poz-155250 1449 40200 ± 1200 45586–42276 43664 42783–38746 40686
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3.1.2. Fossil pollen assemblages and pollen-based biome reconstruction
The percentage diagram (Fig. 5) shows the detailed results of the

pollen analysis, while the results of the pollen concentration/influx
calculation and the biome/landscape openness reconstruction are pre-
sented in Fig. 6a and b, respectively. Based on the compositional
changes in the Och18-II pollen assemblages, the record has been divided
into seven zones, which correspond to the main bioclimatic phases of the
last 31.5 ka. To facilitate further discussion the main characteristics of
the selected zones shown in Figs. 5 and 6a and b are summarised in
Table 2, starting with the MIS 3 (>29 ka BP) and continuing through the
LGM (ca. 29–18.2 ka BP) interval, the LG climate amelioration phase,
which ends with the Younger Dryas (YD) stadial (ca. 12.87 ka BP, Cheng
et al., 2020), followed by the Early (EH: ca. 11.65–8.28 ka BP), Middle
(MH: ca. 8.28–4.2 ka BP) and Late Holocene (LH: ca. 4.2 ka BP to
present).

3.1.3. Microcharcoal analysis
The total concentration of microcharcoal particles in the analysed

sediment samples and the charcoal accumulation rate (CHAR), calcu-
lated for various particle size categories, are presented in Fig. 6c. The
total concentration is lowest during the MIS 3 and the LGM intervals,
slightly higher during the LG and YD and shows a progressive increase to
maximum values in the EH. The rest of the Holocene reveals moderately
low concentrations comparable to that of the YD phase. The total CHAR
shows similar trends, but there are some differences in absolute values
and patterns of change between different charcoal fractions (Fig. 6c).
The smallest size category accounts for the vast majority of charcoal
particles counted (i.e. 90.3–97.4%). Medium and large-size particles
account for up to 8.1% and 0–3.6%, respectively, with the most pro-
nounced peaks between 13 and 8 ka BP.

3.2. Lake Kotokel

3.2.1. Chronology
The age-depth model for the analysed part of KTK19-II (Fig. 4) in-

dicates that the upper 10.3 m of the studied core covers the last ca. 30.7
ka. According to the age model, the 1-cm-thick sediment layer repre-
sents an average time interval of 30 years, while the interval between
analysed samples varies from 150 to 300 years.

3.2.2. Fossil pollen assemblages and pollen-based biome reconstruction
The detailed results of the pollen analysis of the KTK19-II core are

shown in the pollen percentage diagram (Fig. 7). The pollen concen-
tration/influx values and the biome/landscape openness reconstruction
results are presented in Fig. 8a and b, respectively. Based on changes in
the composition of pollen assemblages, the KTK19-II record is divided
into seven bioclimatic zones for comparison with the Och18-II record.
The main characteristics of the selected zones are summarised in
Table 3.

One notable feature of the KTK19-II core is that the median age for
the palynological layer indicating the start of the YD stadial, modelled at
approximately 13.42 ka BP (Fig. 4a), appears slightly older than the
commonly accepted age for the YD onset, which is around 12.87 ka BP
(Cheng et al., 2020). However, the lower limit of the 95% confidence
interval for the modelled age (Table 3) is close to the recognised start of
the YD, suggesting that the observed discrepancy falls within the range
of uncertainty. This deviation can be explained by a minor contribution
of older carbon material to the dated sediment during the interstadial to
stadial transition.

3.2.3. Microcharcoal analysis
The total concentration of microcharcoal particles and the charcoal

accumulation rate in the sediment samples of the KTK19-II are shown in
Fig. 8c. The total concentration shows the lowest values during the MIS
3 and the LGM intervals and an increasing trend towards the maximum

Fig. 5. Percentage diagram of the Och18-II pollen record plotted against the core depth and age axes. Dashed horizontal lines indicate the boundaries of the
bioclimatic zones discussed in the text. White stripes indicate gaps in the recovered sediment core, resulting in a discontinuity in the analytical records.
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values during the early MH ca. 8–7 ka BP. The charcoal concentration
values then fall again and remain at a medium level until the present.
The total CHAR curve shows similar trends between 30.7 and 8 ka BP,
however, maximum values occur between 5.8 and 4.9 ka BP (Fig. 8c).
The smallest size category accounts for the vast majority of charcoal
particles counted (i.e. 85.1–100%). Medium and large-size particles
account for up to 13.4% and 0–5.9%, respectively.

4. Discussion

4.1. Vegetation history of the LBR: general trends and new insights

The robustly dated and consistently analysed Och18-II and KTK19-II
pollen records presented here provide an excellent opportunity to
reconstruct and compare the vegetation history of Cis- and Trans-Baikal
over the last 32 ka. Temporal changes in the composite pollen diagrams
(Figs. 5 and 7) demonstrate a number of similarities between the two
records, including (i) very low percentages of tree and shrub taxa during
the LGM interval; (ii) gradual expansion of woody plants (mainly
birches) in both subregions after ca. 18.2 ka BP; (iii) a noticeable peak in
shrub pollen (mainly alder) during the YD; (iv) maximum percentages of
tree pollen during the MH; and (v) increased contribution of shrub and
herbaceous pollen in the LH. These changes in pollen composition are
well reflected in affinity scores of regional biomes and landscape
openness. The current results provide new insights into the Late Qua-
ternary vegetation history of the LBR, presented in earlier studies of the
two lakes (e.g. Bezrukova et al., 2010; Kobe et al., 2022a, 2022b; Müller
et al., 2014), and offer a robust stratigraphic framework for other poorly
dated palynological records from the region (e.g. Bezrukova et al., 2005,
2013, 2022; Fedotov et al., 2012; Mackay et al., 2013; Shichi et al.,
2009). The latter records are particularly useful for continental and
global scale reanalysis projects focusing on vegetation cover (e.g. Binney
et al., 2017) and climate (e.g. Herzschuh et al., 2023) reconstructions, as

well as for refining data-data and data-model vegetation comparisons (e.
g. Chevalier et al., 2023).

The transition from MIS 3 to MIS 2 in the Ochaul and Kotokel records
is clearly discernible by the change in the pollen composition and con-
centration values, as well as in the reconstructed biome scores
(Figs. 5–8) and landscape openness (Fig. 9a). This transition corresponds
to the internationally accepted date of ca. 29 ka BP estimated using a
stack of 57 globally distributed benthic δ18O records (Lisiecki and
Raymo, 2005) and allows to adjust the earlier estimate of the MIS 3/2
boundary in the KTK2 record (Bezrukova et al., 2010).

The lowest AP percentage values and the highest scores of the steppe
and tundra biomes in our LGM pollen records agree well with pollen and
plant macrofossil data from different parts of Siberia, indicating the
widespread dominance of herbaceous vegetation in the Asian high lat-
itudes (e.g. Tarasov et al., 2021). This conclusion is supported by the
studies of ancient environmental genomics (e.g. Y. Wang et al., 2021),
which find a dominance of relatively homogeneous steppe–tundra
vegetation in the Arctic during the LGM. However, the possible survival
of cold-tolerant boreal trees and shrubs in isolated refugia during the
LGM remains a discussion topic (e.g. Herzschuh, 2020; Müller et al.,
2010), although there is various evidence for the existence of such
refugia (e.g. Schulte et al., 2022; Tarasov et al., 2021). Recently, Kobe
et al. (2022b) ruled out long-distance pollen transport as a main source
of the AP found in the LGM sediment from Lake Ochaul and argued that
the Upper Lena with the Cis-Baikal Depression, including the vicinity of
Lake Ochaul, was a region in which scattered woods could survive the
harsh glacial climate. The Tunka Valley southwest of Lake Baikal may be
another place where isolated trees/shrubs could survive the LGM in
favourable microhabitats. However, the exact location of these refugia
cannot be determined without directly dated plant macrofossils.

The arboreal pollen accumulation rates (APAR) from the Och18-II
(Fig. 6a) and KTK19-II (Fig. 8a) records are below 140 grains/cm2/a
during the LGM interval, which support a predominantly treeless LBR

Fig. 6. Pollen and microcharcoal concentrations and accumulation rates, results of biome score calculation and landscape openness derived from the Och18-II
core sediment.
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landscape, based on the reference APAR data from Europe (Abraham
et al., 2021). Although these results are consistent with the generally
accepted interpretation, the European dataset may not be fully repre-
sentative of Siberia and the LBR, where boreal forests contain large
quantities of larch, whose pollen is known to be poorly represented,
especially in lacustrine sediments (e.g. Müller et al., 2010). Sedimentary
ancient DNA (sedaDNA) records from eight lakes located north of the
LBR indicate that Larix sibirica had a wider eastern distribution around
33 ka BP and LGM samples consistently show L. gmelinii genotypes
(Schulte et al., 2022). These independent records support the pollen-
and plant macrofossil-based hypothesis (Kobe et al., 2022b; Müller et al.,
2010; Tarasov et al., 2007) suggesting that Holocene boreal forests in
Siberia are the result of “local expansion of small tree populations that
survived the LGM in cryptic refugia” (Petit et al., 2008).

The majority of palynological and palaeoecological studies in the
LBR focused primarily on the LG-Holocene transition and the Holocene,
covering the past ca. 14.5 ka (e.g. Andreev and Tarasov, 2013; Barhoumi
et al., 2021; Bezrukova et al., 2013; Demske et al., 2005; Kobe et al.,
2022a). Our study shifts the focus to earlier periods, examining the
response of regional vegetation to the onset of deglaciation as shown in
global records (e.g. Jackson et al., 2019). The pollen records from Lake
Ochaul and Lake Kotokel demonstrate a synchronous increase in pollen

concentrations and PARs, along with an increase in AP after 18.2 ka BP.
This suggests an improvement in the regional climate towards a warmer,
wetter environment and spread of boreal trees and shrubs in the study
areas (Fig. 9a). These changes towards less continental regional climate
precede by more than three millennia the major shift in the NGRIP δ18O
record (Fig. 9d), known as the Bølling-Allerød (B-A) interstadial, which
is particularly well-expressed in robustly dated pollen diagrams from
Central Europe (e.g. Litt and Stebich, 1999; Litt et al., 2001) and Arctic
Siberia (e.g. Andreev et al., 2004; Müller et al., 2010). The initial in-
crease in the abundance of tree and shrub pollen in published records
from the LBR is conventionally associated with the B-A interval between
ca. 15 and 13 ka BP (Bezrukova et al., 2010; Demske et al., 2005; Shichi
et al., 2009, 2013, 2023), but the LG chronologies of these records
remain ambiguous.

A study of annually laminated sediments from Lake Sihailongwan in
eastern Eurasia provides a high-resolution and accurately dated pollen
and climate record of the last 65 ka (Mingram et al., 2018). This record
shows a gradual increase in AP after 20 ka BP, with a maximum around 6
ka BP (Fig. 9b). This trend is reminiscent of the expansion of woody
vegetation reflected in the Ochaul and Kotokel records of landscape
openness (Fig. 9a) and coincides with increases in Northern Hemisphere
summer insolation (Fig. 9f), global CO2 concentrations (Fig. 9c) and sea

Table 2
Characteristics of pollen assemblages and pollen-derived biomes in the Och18-II sediment core from Lake Ochaul.

Bioclimatic zone: core depth (cm);
modelled age (95% range, a BP)

Assigned age (a BP) Dominant taxa and characteristic features, including pollen concentrations (PC, grains/g and grains/cm3), pollen
accumulation rates (PAR, grains/cm2/a), dominant biomes and landscape openness

MIS 3: 724–680; 32,105/
31,150–29,910/28,415

ca. 31,500–29,000 Poaceae–Cyperaceae–Brassicaceae-Asteraceae – Herbs are predominant (82–90%): Poaceae (27–41%),
Cyperaceae (22–30%), Brassicaceae (3–8%), Asteraceae (4–6%), and Artemisia (2–5%). Woody taxa (e.g. Picea,
Pinus, Betula and Salix) are scarce. PC (24,600 grains/g; 47,730 grains/cm3) and PAR (870 grains/cm2/a)
averages are relatively low. The STEP and TUND biomes predominate in the landscape.

Last Glacial Maximum: 680–422;
29,910/28,415–18,491/17,829

ca. 29,000–18,200 Poaceae–Cyperaceae–Asteraceae–Brassicaceae – Prevalence of herbaceous taxa increases (82–97%), including
Poaceae (19–51%), Cyperaceae (7–40%), Asteraceae (5–18%), Brassicaceae (3–18%), and Artemisia (2–13%). The
presence of boreal shrubs (Salix and B. sect. Nanae/Fruticosae) slightly elevates towards the upper part of the zone
(up to 7% and 5%, respectively). Trees remain at minimum levels (1–10%). PC averages decline to 19,100 grains/
g and 35,850 grains/cm3, while PAR increases slightly to 920 grains/cm2/a. The STEP biome shows highest
affinity scores and the landscape openness slightly increases.

Lateglacial: 422–244; 18,491/
17,829–13,092/12,367

ca. 18,200–12,870 B. sect. Albae–Cyperaceae–Artemisia–Poaceae – Proportion of arboreal pollen (30–61%) increases rapidly,
primarily due to a significant rise in B. sect. Albae (29–57%). Picea advances in the upper part of the zone, with
two peaks up to 14%. Boreal shrubs witness an increase (10–29%), comprising Salix (up to 15%), B. sect. Nanae/
Fruticosae (up to 12%), and Alnus fruticosa (up to 5%). Herbaceous taxa decline from 55% to 37%, with
Cyperaceae (2–19%), Artemisia (7–17%), and Poaceae (4–17%) experiencing slight rises in the midsection of the
zone. Thalictrum rises in the upper part of the zone, reaching up to 8%. PC (94,000 grains/g; 146,650 grains/cm3)
and PAR (4660 grains/cm2/a) averages increase rapidly as well. Several biomes reveal similar scores, indicating
mosaic vegetation and an increased role of tree/shrub associations.

Younger Dryas: 244–217; 13,092/
12,367–12,076/10,963

ca. 12,870–11,650 B. sect.Albae–B. sect.Nanae/Fruticosae–Alnus fruticosa–Artemisia – Pollen contribution from trees (37–51%),
predominantly represented by B. sect. Albae (32–44%), decreases. Picea declines to 4%, while Larix appears in
small quantities. The percentage of boreal shrubs increases (28–37%), with B. sect. Nanae/Fruticosae (10–21%)
and Alnus fruticosa (8–18%) having the highest percentages in this zone. Contributions from herbaceous species
continue to decrease (19–28%), including Artemisia (6–10%), Poaceae (5–10%), Cyperaceae (2–6%), and
Thalictrum (up to 5%). PC (89,870 grains/g; 119,320 grains/cm3) and PAR (2730 grains/cm2/a) averages
decreases. Return to TUND dominance and a more open landscape.

Early Holocene: 217–156; 12,076/
10,963–9071/7290

ca. 11,650–8280 B. sect. Albae–Artemisia–Picea–Thalictrum – Amount of arboreal pollen (63–88%) increases, mainly attributed
to B. sect. Albae (54–81%), Picea (up to 10%), and Pinus sibirica type (up to 7%). A few pollen grains of Abies
appear discontinuously. The contribution of boreal shrubs (1–12%) declines rapidly, represented by Alnus
fruticosa (up to 6%) and B. sect. Nanae/Fruticosae (up to 4%). Herbs slightly increase (11–32%), with peaks of
Artemisia (5–16%) and Thalictrum (2–9%) in the middle part of the zone. Poaceae and Cyperaceae decrease to 2%
towards the upper part. PC (173,900 grains/g; 222,400 grains/cm3) averages are highest in this zone, while PAR
averages (4030 grains/cm2/a) increase. An increase in the TAIG and CLDE biome scores and a parallel decrease in
the scores of TUND and STEP. Progressive afforestation of the landscape.

Middle Holocene: 156–103; 9071/
7290–4380/4012

ca. 8280–4200 B. sect. Albae–Pinus–Artemisia–Thalictrum – Trees dominate the zone (88–93%), with B. sect. Albae (72–83%),
Pinus sibirica type (3–13%), Pinus sylvestris type (1–5%), and Larix (up to 3%) being prominent, while Picea
declines to 3%. Boreal shrubs have minimal influence (up to 5%). Herbaceous species decrease to 10%, including
Artemisia (2–5%) and Thalictrum (1–4%). PC (157,300 grains/g; 216,420 grains/cm3) averages decline, while PAR
averages (4945 grains/cm2/a) rich their highest in this zone. The TAIG and CLDE biomes predominate in the
densely forested landscape.

Late Holocene: 103–0; 4380/
4012–present

ca. 4200– present B. sect. Albae–Pinus–Artemisia–Alnus fruticosa – Contribution from trees (75–90%) decreases towards the
upper part of the zone, mainly due to the decline of B. sect. Albae from 80% to 57%. Pinus sibirica type (3–13%),
Pinus sylvestris type (3–13%), Larix (up to 6%), and Picea (up to 3%) increase. The impact of boreal shrubs is low
(1–8%), with Alnus fruticosa increasing in the upper part up to 6%. Herbaceous taxa slightly increase (up to
6–19%), with Artemisia (2–8%) and Poaceae (up to 4%) being notable. PC (86,000 grains/g; 116,000 grains/cm3)
and PAR (2930 grains/cm2/a) averages decrease. The TAIG and CLDE biomes remain dominant, but the TUND
and STEP biome scores show moderate increase accompanied by a slight increase in landscape openness.
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level (Fig. 9e), which precede the beginning of deglaciation in the Eu-
ropean Alps (Ivy-Ochs et al., 2023) and easternmost Europe (Korsakova
et al., 2023). Jackson et al. (2019) used tropical glacier fluctuations to
estimate the timing of low-latitude temperature changes relative to
global climate forcing and demonstrated that glacial retreat in the tro-
pics had already begun by 20 ka BP before a rapid rise in CO2 levels
occurred ca. 18.2 ka BP. For the first time, the environmental impacts of
“early warming” registered in the tropics and Northeast China can be
reliably traced in the LBR, suggesting that mid-latitude East Asia was
sensitive to rising summer insolation and decreasing global ice volume.
The more rapid increase in the percentages of tree and shrub pollen in
the Och18-II record compared to KTK19-II supports the idea of a glacial
tree/shrub refugium around Lake Ochaul proposed by Kobe et al.
(2022b) and can be adequately explained by the locally wetter envi-
ronments, as evidenced by the lower proportion of Artemisia in com-
parison to Cyperaceae and Poaceae pollen (Kobe et al., 2022b).

4.2. Wildfire history

4.2.1. General trends
Charcoal analysis, which involves counting charcoal fragments in

tandem with routine pollen analysis of lacustrine sediments, is used by
palaeoecologists to evaluate past fire regimes (e.g. frequency and in-
tensity of fires) or, more conservatively, the role of fire in shaping
terrestrial ecosystems at different times and places (Clark, 1988b). The
charcoal records from Lake Ochaul (Fig. 6c) and Lake Kotokel (Fig. 8c)
allow comparison of the wildfire trends in Cis- and Trans-Baikal since
the end of MIS 3. Both records demonstrate very low charcoal influx and
concentration before ca. 18.2 ka BP and a moderate increase during the
LG. The highest values are observed during the Early (ca. 9.5–8 ka BP;
Lake Ochaul) and Middle (ca. 6–5 ka BP; Lake Kotokel) Holocene,

followed by a decrease after 4.2 ka BP.
Following Tinner et al. (2005), who reconstructed fire ecology in the

European Alps since the last ice age, we interpret low charcoal influx as
indication of subdued fire activity in the LBR before 18.2 ka BP. How-
ever, low charcoal abundance in lacustrine sediments may also reflect
particularities of the fire regime in a treeless ice age landscape, which
remain understudied. For example, fire size and intensity play a decisive
role in influencing the degree of combustion of herbaceous plant ma-
terial (Whitlock and Larsen, 2001). On the one hand, it is likely that in
steppe or tundra-steppe environments, where fuel supply is low and fires
burn very efficiently, little charcoal is produced (e.g. Chipman et al.,
2015; Higuera et al., 2011). On the other hand, records of historical fires
from four lakes across the North American Great Plains indicate that
prairie fires can produce significant amounts of charred herbaceous
material (Umbanhowar, 1996). However, reduced productivity during
drier periods (i.e. positive correlation between charcoal abundance and
atmospheric precipitation) results in more patchy fuel distribution and
fewer and/or smaller fires (Umbanhowar, 1996). More recent studies
support this interpretation and suggest that grazing and trampling by
large ungulates such as bison may alter fuel continuity and result in
patchier burns (e.g. Zouhar, 2021). One can speculate that an open
landscape with a relatively dry and cold climate (e.g., Bezrukova et al.,
2010; Kobe et al., 2022b) and large herds of herbivorous animals (e.g.,
Markova et al., 2015; Puzachenko et al., 2017) that fed on and trampled
aboveground biomass could be responsible for the low charcoal con-
centrations found in the lake sediment from the LBR during the last ice
age. However, the lack of reliable information on the number of animals
and their migration patterns, as well as the lack of palaeocharcoal re-
cords from the wider region, make it difficult to verify this hypothesis.

The improving LG climate and associated spread of woody vegeta-
tion across the LBR coincide with increasing charcoal influx in Och18-II

Fig. 7. Percentage diagram of the KTK19-II pollen record plotted against the core depth and age axes. Dashed horizontal lines indicate the boundaries of the
bioclimatic zones discussed in the text. White stripes indicate gaps in the recovered sediment core, resulting in a discontinuity in the analytical records.
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(Fig. 6c) and KTK19-II (Fig. 8c). These trends in the LBR records match
well with the data from the lake region between the Jura Mountains and
the Swiss Alps, where rapid increase in Juniperus at ca. 15.5 ka BP
marked the beginning of afforestation (Tinner et al., 2005). Detailed
quantitative analysis of the microcharcoal data shows peaks in fire fre-
quency ca. 13.0 ka BP at Lake Ochaul (Fig. 9j) and ca. 13.5 ka BP at Lake
Kotokel (Fig. 9k), which coincide with the B-A interstadial and spread of
spruce in the region.

CHAR levels of the >100 μm fraction (Fig. 9h) remain relatively high
during the Early Holocene in both the Ochaul and Kotokel records,
suggesting high fire activity, although modelled fire frequency (Fig. 9j
and k) decreases in both areas. Comparison with the published Holocene
records from two small lakes (Ebene and Jarod, Fig. 1b) situated on the
south-western shore of Baikal (Barhoumi et al., 2021) shows that peaks
in fire frequency and magnitude between 10.5 and 10 ka BP and around
8 ka BP (Fig. 9l) are also reflected in the records obtained in our study
(Fig. 9h). Intriguingly, the highest peak in the fire frequency recon-
structed in Lake Ebene around 8 ka BP corroborates the high CHAR
values in the Kotokel and Ochaul records. The latter could indicate the
possible impact of the 8.2 ka BP event on the regional environments and
fire ecology, although more data are needed to prove this hypothesis.
Until now, the sensitivity of regional vegetation to the 8.2 ka climatic
event has rarely been the focus of environmental studies in the LBR.
Shichi et al. (2013) reported an increase in birch pollen and charcoal
fragments in the VER99G12 core from Lake Baikal, which they linked to
the 8.2 ka BP cooling. The remarkable increase in charcoal accumulation
rate and the very rapid spread of pioneer vegetation, including birch and
various herbs, were attributed to the influence of fire (Shichi et al.,
2013). The terrestrial pollen records and pollen-based reconstructions
presented here indicate that the 8.2 ka event is poorly represented by
small peaks in the herbaceous pollen sum and a drop in total pollen
concentrations (Fig. 5), indicating limited impact of the cooling event on

the vegetation around lakes Ochaul and Kotokel. The stronger vegeta-
tion response observed in the VER99G12 dataset can be explained by the
proximity of the core site to an area with drier climate and more sen-
sitive environments (Galaziy, 1993).

The MH interval reveals maximum CHAR values from Lake Kotokel
(Fig. 9g and h) between ca. 6 and 5 ka BP, synchronous with the
increased fire frequency in the two other records from Trans-Baikal
(Fig. 9l) and with a second Holocene peak in global charcoal abun-
dance (Fig. 9m). However, the available records from lakes Ochaul
(Fig. 9j) in Cis-Baikal and Satagay (Fig. 9i) in Central Yakutia (Glückler
et al., 2022) show much lower values compared to the EH. The observed
differences in the records north and south of Lake Baikal likely indicate
regional differences in the fire regimes of the two regions during the
Holocene, complicated by local fire variability. Intriguingly, the two
observed regional peaks in the CHAR data from Cis- and Trans-Baikal
have their respective counterparts in Early and Middle Holocene
changes in the global fire and charcoal dataset (Fig. 9m), which unfor-
tunately includes very few records from Northern Asia (Power et al.,
2008, 2010).

The Ochaul and Kotokel records demonstrate relatively low CHAR
levels in the Late Holocene, with a small increase over the last millen-
nium. The CHAR record from Central Yakutia (Glückler et al., 2022)
shows a similar picture (Fig. 9i), consistent with the decreasing trend in
the global dataset (Fig. 9m). In contrast to the decreasing CHAR and fire
magnitude, fire frequency increases from a minimum around 4 ka BP to
peak values ca. 1–0.5 ka BP. This trend is most pronounced in the re-
cords from lakes Kotokel (Fig. 9k) and Jarod (Fig. 9l) in Trans-Baikal,
but does not appear in the Ochaul record (Fig. 9j). Several short-term
oscillations (including one at 1 ka BP) appear in the global fire dataset
(Fig. 9m). Another Middle to Late Holocene palynological record from a
peat section in the Mamakan River valley (Fig. 1a) shows landscape
opening after a relative increase in fire activity between 3870 and 3820

Fig. 8. Pollen and microcharcoal concentrations and accumulation rates, results of biome score calculation and landscape openness derived from the KTK19-II
core sediment.
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a BP (Bezrukova et al., 2022). While the length of their record (ca.
6.6–3.6 ka BP) does not allow direct comparison with the Early Holo-
cene fire activity peaks observed in the records from the LBR and Central
Yakutia, the relatively low charcoal concentrations in the Mamakan
section are comparable with those in the Ochaul record.

A high-resolution macroscopic charcoal record from Lake Khamra
(Fig. 1a) in Southwest Yakutia, spanning the last ca. 2200 years, reveals
a phase of increased frequencies and burnt biomass accumulation be-
tween 1350 and 1050 a BP (Glückler et al., 2021). This increase corre-
sponds to a minor peak in the longer record from Central Yakutia
(Fig. 9i), but has no counterpart in the LBR records (Fig. 9j–l).

Kelly et al. (2013) concluded that recent burning of boreal forests in
north-western North America exceeds the levels observed over the past
10,000 years. This conclusion has not yet been confirmed in the vast
boreal zone of Siberia with its characteristic forest composition and fire
regime. However, a 400-year record of changes in fire frequency in the
larch-dominated northern taiga and in the pine-dominated middle taiga
of Central Siberia demonstrates a well-defined maximum in the 1950s

(Furyaev et al., 2001), suggesting increased anthropogenic influence.
The record of Glückler et al. (2021) also shows higher fire frequency
despite a shift to very low levels of charcoal accumulation in the 20th
century, which they interpreted as a potential change in fire manage-
ment strategies and/or a shift of the fire regime towards more frequent
but smaller fires. Indeed, the fire regimes characterised by frequent and
efficient ground or surface fires are usually small and do not produce
much charcoal, because charred particulates are not carried into the air
(Whitlock and Larsen, 2001).

Currently, a low- to moderate-intensity surface fire regime domi-
nates the Siberian taiga, while high-intensity crown fires that are larger
in size and cause much greater damage to the tree canopy predominate
in the boreal forests of western Canada (De Groot et al., 2013). Based on
modern observations and substantial differences in the forest composi-
tion of the two regions, Barhoumi et al. (2021) explained reconstructed
changes in the Holocene charcoal records from south-western Baikal by
temporal shifts from the crown fire regime (typical for spruce, fir and
larch forests) to the surface fire regime characteristic of pine and birch

Table 3
Characteristics of pollen assemblages and pollen-derived biomes in the KTK19-II sediment core from Lake Kotokel.

Bioclimatic zone: core depth (cm);
modelled age (95% range, a BP)

Assigned age (a
BP)

Dominant taxa and characteristic features, including pollen concentrations (PC, grains/g and grains/cm3), pollen
accumulation rates (PAR, grains/cm2/a), dominant biomes and landscape openness

MIS 3: 1038–984; 31,726/
30,194–29,697/28,190

ca.
30,700–29,000

Artemisia–Poaceae–Cyperaceae–B. sect. Albae – Herbs are predominant (86–93%): Artemisia (24–37%), Poaceae
(26–34%), and Cyperaceae (11–19%). Trees, represented by Betula sect. Albae, remain below 10%. Boreal shrubs,
including Salix, B. sect. Nanae/Fruticosae, and Alnus fruticosa type, are at minimal (up to 3%). PC (27,000 grains/g;
27,250 grains/cm3) and PAR (660 grains/cm2/a) averages are relatively low. The STEP biome predominates
followed by TUND. The landscape openness is high.

Last Glacial Maximum: 984–722;
29,697/28,190–18,677/17,480

ca.
29,000–18,200

Artemisia–Poaceae–Cyperaceae–Ranunculaceae – Herbaceous taxa absolutely dominate (91–98%), particularly
Artemisia (30–53%), Poaceae (21–34%), Cyperaceae (3–17%), and Ranunculaceae (up to 12%). Betula sect. Albae
diminishes to 5%, while single pollen grains of Picea and Pinus sylvestris are sporadically observed. Boreal shrubs
remain at minimal levels (up to 4%), with single pollen grains of Ericales noticeable. PC averages decrease to 18,800
grains/g and grains/cm3, while PAR increases to 1100 grains/cm2/a. The STEP biome shows highest affinity scores
of the entire record and the forest biome scores are minimal. The landscape becomes more open.

Lateglacial: 722–604; 18,677/
17,480–13,947/12,884

ca.
18,200–12,870

B. sect. Albae–Artemisia–Poaceae–Picea – Proportion of arboreal pollen (8–51%) gradually increases, primarily
due to a significant rise in B. sect. Albae (8–45%). Picea content increases from the middle part onwards, peaking at
20% in the upper part of the zone. Boreal shrubs increase steeply from 2 to 17%, predominantly represented by Salix
(up to 11%), Alnus fruticosa type (up to 10%), and B. sect. Nanae/Fruticosae (up to 5%). Herbaceous taxa gradually
decline from 89% to 33% towards the upper part of the zone, including Artemisia (13–43%), Poaceae (4–25%), and
Cyperaceae (2–16%). Thalictrum and Rosaceae witness an increase in the upper part, up to 7% each. PC (60,000
grains/g; 52,300 grains/cm3) and PAR (1450 grains/cm2/a) averages increase. STEP remains the dominant biome,
but TUND, CLDE and TAIG demonstrate comparably high scores, indicating mosaic vegetation and progressive
afforestation of the area.

Younger Dryas: 604–558; 13,947/
12,884–12,203/11,322

ca.
12,870–11,650

B. sect.Albae–Alnus fruticosa type–Artemisia–Cyperaceae – Pollen contribution from trees (44–61%) continues to
rise, with B. sect. Albae increasing steeply from 35 to 57%. Picea exhibits two peaks in the lower (9%) and upper parts
(12%) of the zone. Percentages of boreal shrubs increase (21–36%), with Alnus fruticosa type (8–18%) having the
highest percentages in this zone. Contribution from herbs declines significantly to 17–20%, including Artemisia
(5–10%), Poaceae (3–6%), Cyperaceae and Thalictrum (2–6%). PC (159,000 grains/g; 117,100 grains/cm3) and PAR
(3450 grains/cm2/a) averages rapidly increase. TUND and TAIG share dominance, indicating an increased role of
tree/shrub associations in the vegetation.

Early Holocene: 558–415; 12,203/
11,322–8436/8095

ca. 11,650–8280 B. sect. Albae–Artemisia–Picea–B. sect. Nanae/Fruticosae – Proportion of arboreal pollen (66–90%) increases,
primarily due to the continuous rise of B. sect. Albae (53–84%). Picea peaks in the lower part of the zone at 16%,
followed by a decrease to 4%. Abies, Pinus sylvestris type, Pinus sibirica type, and Larix are in minimal concentrations
(1–4%). Two pollen grains of Ulmus are found. Boreal shrubs (1–8%) decrease rapidly, including B. sect. Nanae/
Fruticosae (up to 6%) and Alnus fruticosa type (up to 2%). Percentages of herbaceous taxa (8–32%) decrease towards
the upper part of the zone, mainly represented by Artemisia (5–20%) and Cyperaceae (up to 5%). The highest
percentages of Pteridium (up to 11%) are observed in this zone. PC (255,900 grains/g; 196,850 grains/cm3) and PAR
averages (8700 grains/cm2/a) increase. A further increase in the TAIG and CLDE biome scores and a parallel
decrease in the scores of TUND and STEP. Progressive afforestation of the landscape.

Middle Holocene: 415–175; 8436/
8095–4525/3818

ca. 8280–4200 B. sect. Albae–Pinus–Artemisia–Cyperaceae – Trees dominate (84–93%), with B. sect. Albae reaching its maximum
in the lower part (83%) and Pinus sylvestris type dominating in the upper part (57%). Abies, Picea, Pinus sibirica type,
and Larix appear in small amounts. Boreal shrubs have minimal influence (up to 4%). Herbaceous taxa decrease
towards the upper part of the zone from 14% to 8%, represented by Artemisia (2–9%), Poaceae and Cyperaceae (up to
3% each). PC (295,400 grains/g; 235,150 grains/cm3) and PAR averages (16,000 grains/cm2/a) reach their highest
in this zone. The TAIG and CLDE biomes continue to dominate. The landscape openness progressively decreases.

Late Holocene: 175–0; 4525/3818–
present

ca. 4200– present Pinus–B. sect. Albae–Alnus fruticosa type–Artemisia – Arboreal taxa continue to dominate (80–92%) with Pinus
sylvestris type having peaks in the lower (65%), middle (65%), and upper zones (60%) and B. sect. Albae in the lower
and upper (40% each). Percentages of Pinus sibirica type (up to 4%), Larix, Picea, Abies are low (1–2%). The influence
of boreal shrubs remains low (up to 9%), with Alnus fruticosa type increasing in the upper part up to 8%. Herbs,
represented mainly by Artemisia and Poaceae, witness two peaks (14% and 11%, respectively) in the upper part of the
zone. PC (213,700 grains/g; 151,350 grains/cm3) and PAR (7200 grains/cm2/a) averages decrease. The TAIG and
CLDE biomes scores remain high and the scores of the TUND and STEP biomes stay low.
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forests. Pollen-based reconstructions of Holocene vegetation and climate
(Barhoumi et al., 2021) support this scenario, which was first proposed
by Katamura et al. (2009) for Central Yakutia. The changes in the pollen
and charcoal records from Ochaul and Kotokel presented here also fit
into this scenario, although larch is still abundant in the forests around
Lake Ochaul.

While there is general agreement on a relationship between vege-
tation cover and fire regime in Siberia, there are differing opinions as to
whether tree species composition or vegetation structure played a more
important role in driving fire dynamics. Recent macroscopic and
microscopic charcoal analyses coupled with pollen and sedaDNA ana-
lyses (Glückler et al., 2022) suggest that open larch woodland correlates
well with high amounts of burnt biomass during the EH, while the LH
low-severity surface fire regime reflects a mediating effect of dense
larch-dominated forest. The charcoal and pollen records from Ochaul
and Kotokel presented here support both hypotheses and suggest that
changes in the fire regime in the LBR were influenced by a combination
of climatically-driven changes in vegetation composition and landscape
openness.

4.2.2. Wildfire and humans
Although fire and climate have been shown to be powerful external

factors transforming the Siberian boreal forests (Furyaev et al., 2001),
the role of humans in fire activity during prehistoric and even historical
periods remains understudied. For example, Kaplan et al. (2016) argued
that highly mobile groups of hunter-gatherers who inhabited Europe
during the last glacial were able to substantially reduce forest cover
through deliberate burning. The vast territory of Siberia, including the
LBR, provides evidence that large herds of herbivores likely influenced
the growth and regeneration of woody plants, however, we know little
to what extent this could have been caused by human activities, such as
setting fires for hunting (e.g. Tarasov et al., 2021). Although anatomi-
cally modern hunter-gatherer groups have been continuously present in
Cis- and Trans-Baikal since at least ca. 45–40 ka BP, their numbers and
population density remained relatively small, with minor peaks around
31, 26 and 22 ka BP (Shichi et al., 2023 and references therein). While
this does not preclude human contributions to the regional fire history,
the available records do not allow us to confirm their direct impact.
Population increased rapidly ca. 19 ka BP and was widespread by ca.
17.4 ka BP, with another peak around 14 ka BP (Fiedel and Kuzmin,
2007). The reconstructed population growth occurs concomitantly with
increases in CHAR and fire activity (Fig. 9g and h), as well as pro-
nounced shifts toward a warmer, wetter climate and a more forested
landscape (Fig. 9a), making it difficult to disentangle the role of indi-
vidual factors in the changing fire regime (Fig. 9j and k).

The history of Holocene hunter-gatherers in Cis-Baikal has been
studied more intensively compared to other regions of Siberia (for
further references see Weber, 2020). Abundant and very well-dated
archaeological material indicates that Mesolithic and Early Neolithic
hunter-gatherers experienced the most dramatic climatically-driven
transformations of the landscape, accompanied by changes in regional
fauna and flora (Tarasov et al., 2021 and references therein). These
changes caused great stress (Tarasov et al., 2017), as evidenced by
bioanthropological and palaeopathological studies (e.g. Lieverse, 2010;
Weber, 2020), and led to changes in social organisation and subsistence
strategies and stimulated many innovations, especially in hunting and

fishing during the Early Neolithic Kitoi culture dated to 7560–6660 a BP
(Weber, 2020). The following Middle Neolithic (ca. 6660–6050 a BP) is
known as a “cultural hiatus” marked by an extreme population decline
in Cis-Baikal (Weber, 2020). This decline began with the breakdown of
the Kitoi culture, which took place around the time of maximum forest
expansion throughout the LBR (Kobe et al., 2020). Although the region
did not become completely depopulated (e.g. Kobe et al., 2022a), the
lack of formal cemeteries/permanent settlements and the overall scar-
city of archaeological 14C dates indicate an extremely low and dispersed
population (Weber, 2020). It can be speculated that the very low fire
activity observed in regional charcoal records may be at least partly due
to a small population size. The marked increase in fire activity in the
Lake Kotokel record, which falls within the Late Neolithic phase of
population recovery (Weber, 2020), provides some support to this
human-fire link, although further data is required to test it.

The Late Bronze and Iron Age cultures expanded around Lake Baikal
from ca. 3.5 ka BP and brought animal husbandry and other domesti-
cates to the region (Losey and Nomokonova, 2017). The impact of the
new cultures is better visible in the archaeological records of
Trans-Baikal, which offers more suitable semi-open environments for
husbandry and crop cultivation (Kradin et al., 2021), while the popu-
lation in the northern part of the region, including the Upper Lena with
Lake Ochaul, remained hunter-fisher-gatherers. Changes in the fire
regime inferred from the charcoal record of Lake Kotokel (Fig. 9k)
correspond to changes in subsistence economy observed in the archae-
ological record. However, the available charcoal records are too sparse
to allow more definitive conclusions. Discussing the fire history at the
southern shore of Lake Baikal, Barhoumi et al. (2021) noted that fre-
quency of fires increased from about 1500 a BP, decreased from 900 a BP
(Lake Jarod) and then stabilised from 600 a BP (Lake Ebene) onwards,
which they interpreted as a phase of very recent fire management in the
study area.

The above discussion shows that human influences on the fire regime
are indeed difficult to prove in the study area that was inhabited by
small, scattered groups of hunter-gatherers for most of the last 32 ka BP.
Recently obtained 14C dating of the herbivorous animal bone material
from the archaeological camp site at Lake Ochaul (Fig. 2a; Kobe et al.,
2022a) indicates discontinuous hunting activities going back to ca. 27,
780–27,160 a BP (95.4% probability range). Other dates fall within the
Mesolithic (ca. 8850–8450 a BP), the Early to Late Neolithic (ca.
6840–6510, 6490–6300 and 5720–5490 a BP) and the Iron Age (ca.
2120–1930 a BP). Kobe et al. (2022a) pointed out that the 95% proba-
bility ranges of the zooarchaeological dates correspond with minor
drops in the AP percentage curve. However, a direct comparison with
the charcoal record from Lake Ochaul (Fig. 6c) does not indicate a sig-
nificant increase in charcoal during the archaeologically proven human
presence at this site, with the exception of the Mesolithic phase,
including the transition from the Early to the Middle Mesolithic (ca.
8630 a BP; Weber, 2020). The earliest evidence of small-scale farming in
the Ochaul pollen record was dated to the second part of the 1st mil-
lennium BCE (Kobe et al., 2022a) and suggests distant pollen transport
from Trans-Baikal, where the spread of agropastoral communities is
supported by archaeological data (Kradin et al., 2021; Losey and Nom-
okonova, 2017) and is consistent with the reconstructed higher fire
frequency around Lake Kotokel (Fig. 9k).

Fig. 9. Summary chart showing (a) landscape openness derived from the Och18-II and KTK19-II pollen records (this study); (b) arboreal pollen record, Lake
Sihailongwan, NE China (after Mingram et al., 2018); (c) composite Law Dome, Dome C, WAIS and Siple Dome atmospheric CO2 content (after Bereiter et al., 2015);
(d) NGRIP δ18O record, Greenland (after Svensson et al., 2008); (e) reconstructed changes in global sea level (after Lambeck et al., 2014); (f) mean July (red) and
January (blue) insolation differences from present at 54◦N (after Laskar et al., 2004); (g) charcoal accumulation rates (CHAR) for particles 10–100 μm (this study);
(h) charcoal accumulation rates for particles >100 μm (this study); CHAR records from (i) Lake Satagay, Central Yakutia (after Glückler et al., 2022); (j) Lake Ochaul,
Cis-Baikal and (k) Lake Kotokel, Trans-Baikal (this study): vertical bars indicate peak magnitude, red crosses and grey dots indicating peaks that meet or do not meet
the Poisson minimum-count criterion, respectively, and line indicating fire frequency; (l) fire frequency (lines) and peak magnitude (vertical bars) records, Lake
Ebene and Lake Jarod, SW Baikal (after Barhoumi et al., 2021); (m) variations in global charcoal data quantified through Z scores and 1000-year anomalies, defined
as differences in charcoal values between the “modern” (i.e. between 1000 and 100 a BP) and the base period (after Power et al., 2008).
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5. Conclusions

For the first time this paper presents a comparative high-resolution
study of vegetation changes and fire histories in the Cis- and Trans-
Baikal subregions covering the period from the late MIS 3 to the pre-
sent. With its long-term glacial-interglacial time scale, which is rather
unique for Siberia, it constitutes an important step towards a better
understanding of the complicated relationships between climate change,
vegetation composition and fire activity, as well as the possible influ-
ence of humans.

Together with sedaDNA analysis results it can be concluded that the
low AP accumulation rates of <140 grains/cm2/a in the Och18-II and
KTK19-II records partly represent arboreal taxa that grew in refugia in
both Cis- and Trans-Baikal regions during the LGM. The boreal forests of
northern Europe, where Larix is much less common than in Siberia,
cannot be used as a reference when interpreting pollen records from the
latter region.

Given the robust chronologies of both pollen records, it is possible for
the first time to confidently pinpoint the onset of deglaciation, which has
previously been ambiguous due to poorly-constrained age-depth models
of the studied sediment sequences. This occurred about three and a half
millennia earlier than a prominent shift in the Greenland ice isotope
records and highlights the direct influence of rising summer insolation
levels on the climate and vegetation of the LBR and East Asia.

Our results show that the influence of vegetation composition and
climate conditions as the main drivers of fire activity changed over time
and between the two subregions. Fire activity slightly increased parallel
to deglaciation throughout the LBR mainly in response to warmer con-
ditions that led to growing availability of terrestrial biomass (mainly
woody plants). By contrast, Holocene peak fire activities show a
different timing, dating to the EH in Cis-Baikal and to the MH in Trans-
Baikal. This spatiotemporal pattern may primarily be explained by
climatically driven vegetation composition and landscape openness and
the resulting difference in fire regime.

While the increasing number and quality of vegetation and climate
reconstructions for the LBR allows to start discussions on the roles of
both environmental factors on fire frequency and severity, we have little
information about the influence of humans and large herbivores on past
fire regimes. There is an urgent need to address this gap by future studies
on animal and human population estimates for the study region. Paly-
nological and bioarchaeological research in combination with geo-
archaeological modelling, sedaDNA and biomarker analyses can provide
the missing information.
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