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A B S T R A C T   

In the current study, different geochemical and biological proxies, including pollen, non-pollen palynomorphs, 
ostracods and molluscs, from an AMS radiocarbon-dated sediment core from Lake Ochaul (54◦14′N, 106◦28′E; 
641 m a.s.l.) are presented and discussed. Ochaul is a fresh-water lake and an archaeological site situated ca. 100 
km northwest of Lake Baikal in the upper reaches of the Lena River. The 260-cm-long sedimentary record 
presented here spans the Lateglacial–Holocene interval, between ca. 13,500 cal yr BP and the present. The re-
constructions of the postglacial vegetation and lake system development are discussed along with the regional 
climate dynamics and the hemispheric-scale environmental changes. During the Allerød interstadial the region 
around Lake Ochaul was dominated by sparse taiga forests. Cooling during the Younger Dryas led to a more open 
tundra landscape where trees formed patchy forest stands in climatically favourable environments. This facili-
tated a rapid spread of forests at the onset of the Early Holocene during which the study region was probably 
characterized by seasonally dry climate controlled by the interplay of higher insolation, lower global sea levels 
and remaining ice sheets in the North Atlantic region. After thermal and moisture optimum conditions and a 
maximum spread of forests during the Middle Holocene, continuous cooling and a trend to more open forests 
landscapes marked the Late Holocene. These long-term trends were interrupted by several relatively short epi-
sodes of change in the vegetation and algal records, which coincide with short-term (centennial-scale) Northern 
Hemisphere cooling/drying phases. This shows that the regional vegetation reacted sensitively to these climate 
oscillations. Six AMS radiocarbon dates of bone material of large herbivorous animals from the Ochaul 
archaeological site located at the northern shore of the lake provide important information about prehistoric 
hunter-gatherers and indicate that activities at the site took place at ca. 27,780–27,160 cal yr BP (95% proba-
bility range) as well as during the Mesolithic (ca. 8850–8450 cal yr BP), Early, Middle and Late Neolithic (be-
tween ca. 6840 and 5490 cal yr BP) and the Iron Age (ca. 2120–1930 cal yr BP). Our results demonstrate that 
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despite major environmental transformations following the Last Glacial Maximum, Lake Ochaul and the Malaya 
Anga River valley remained attractive for large herbivores and for prehistoric hunter-gatherers, even during the 
Middle Neolithic cultural “hiatus” (ca. 6660–6060 cal yr BP) in Cis-Baikal, as documented by the published 
archaeological records.   

1. Introduction 

High-resolution pollen records preserved in lacustrine sediments 
remain the most common source of information on the postglacial 
vegetation and climate history and human-environment interactions in 
the vast regions of Northern Asia (e.g. Andreev et al., 2003; Bezrukova 
et al., 2010; Müller et al., 2010; Williams et al., 2011; Andreev and 
Tarasov, 2013; Binney et al., 2017). Involvement of other proxies, 
however, may provide more details and significantly improve robust-
ness of the palaeoenvironmental reconstructions (e.g. Ashastina et al., 
2018; Tarasov et al., 2019; Gromig et al., 2021). 

The Baikal Archaeology Project (BAP) unites an international and 
multi-disciplinary team of scholars investigating hunter-gatherer culture 
dynamics in the Lake Baikal Region (LBR) of Siberia with a focus on the 
Middle Holocene interval between ca. 8300 and 3500 cal yr BP (Weber, 

1995; Weber et al., 2002, 2010, 2013; Losey and Nomokonova, 2017). 
The new phase of the BAP (https://baikalproject.artsrn.ualberta.ca/), 
which began in 2018, aims at the reconstructions of individual life 
histories of Holocene hunter-gatherer culture dynamics using a 
comprehensive set of bioarchaeological and biogeochemical analytical 
methods, intensive AMS radiocarbon (14C) dating, high-quality chro-
nological control and detailed palaeoenvironmental records represent-
ing all geoarchaeological microregions (e.g. Kobe et al., 2020; Weber, 
2020; Weber et al., 2021 and references therein). The main task of the 
palaeoenvironmental portion of this project (Tarasov et al., 2017) is to 
reconstruct the patterns of changes in past vegetation and climate in 
order to understand whether and in what way these changes could affect 
hunter-gatherers in the different parts of the LBR and to explain a 
well-documented lack of settlement and cemetery sites in the Cis-Baikal 
archaeological records during the Middle Neolithic, ca. 6660–6060 cal 

Fig. 1. (A) Overview map showing the location of the Lake Baikal Region (B) in northern Asia. (B) The topography and hydrology of the region around Lake Baikal in 
the southern part of Eastern Siberia with locations of the key pollen records from Lake Ochaul in Cis-Baikal and Lake Kotokel in the Trans-Baikal subregion. Locations 
of modern towns are provided for orientation. Topographic information is based on 90-m resolution Shuttle Radar Topography Mission (SRTM) v4.1 data (Jarvis 
et al., 2008). (C) Map of Lake Ochaul showing nearby environments and simplified bathymetry (after Kobe et al., 2021; after https://ru.mapy.cz/ with modifications) 
and the Och18-II core (white cross) and archaeological site (red point) locations. (D) Panoramic photo of the northern shore of Lake Ochaul (photo by S.A. Peskov, 
view from the southeast) with red arrows showing the western and eastern boundaries of the Ochaul archaeological site. The bathymetric survey was performed using 
a Humminbird HELIX 9 CHIRP GPS G4N echo sounder and chart plotter with a sonar frequency of 83/200/455 kHz. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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yr BP (Weber, 2020). The challenges in accomplishing this task and 
addressing these research questions remain low temporal resolution and 
poor dating control of most environmental records and their concen-
tration in the coastal zone around Lake Baikal (Tarasov et al., 2017). In 
order to overcome these obstacles, high-resolution sedimentary archives 
representative of each archaeological microregion need to be found, 
robustly dated and analysed. Lake Ochaul in Cis-Baikal (Fig. 1) was 
suggested as a key site for geoarchaeological research in the Upper Lena 
microregion (Kobe et al., 2020). The 7.24-m-long core retrieved from 
the lake shows continuous sedimentation and spans the last 32,000 years 
(Kobe et al., 2021). Archaeological surveys conducted in the area also 
discovered a multi-layered archaeological site at the northern coast of 
Lake Ochaul (Aksyonov, 2009; Peskov, 2016) and suggested that the 
lake was visited by hunter-gatherers between the Mesolithic and the 
Bronze Age, although the existence of earlier Palaeolithic and later Iron 
Age camps was not entirely ruled out. The close proximity of an 
archaeological and environmental archive provides a key opportunity 
for in-depth multi-disciplinary geoarchaeological research at Lake 
Ochaul and offers great potential for studies of human-environmental 
interactions in the Upper Lena microregion of Cis-Baikal. 

In order to test the potential of this environmental archive, Kobe 
et al. (2020) presented a coarse-resolution pollen analysis and a pre-
liminary age model for the Lateglacial to Middle Holocene interval. The 
multi-century resolution of the first pollen record from Lake Ochaul was 
sufficient to discuss millennial-scale trends in vegetation development in 
Cis-Baikal prior to 4 cal kyr BP and for comparison with the Lake Kotokel 
pollen record from Trans-Baikal (Fig. 1A). However, the sensitivity of 
the Ochaul vegetation and the lake system to century-scale climate 
fluctuations and to Late Holocene cooling could not be tested. To fill this 
knowledge gap, the current study presents robustly dated results of a 
high-resolution palynological record of the Lake Ochaul sediment core 
Och18-II analysed at 2-cm steps, which covers the past 13,500 years 
including the Late Holocene. This record is supplemented by the results 
of geochemical, ostracod and mollusc analyses of the same core and 
zooarchaeological data (i.e. six AMS 14C dates of bone fragments of large 
herbivores) obtained from cultural layers of a nearby archaeological site 
representing prehistoric hunter-gatherer camps. The newly obtained 
results are then used to discuss vegetation and climate dynamics, 
human-environment interaction history, and lake system evolution. 

2. Environmental setting 

The modern environments of the LBR are described in detail by 
Alpat’ev et al. (1976) and Galaziy (1993). Recently, Kobe et al. (2020) 
summarized the main features of the regional topography, hydrology, 
vegetation and climate, i.e. the factors that have played an important 
role in the lifestyle and subsistence strategies of human hunter-gatherers 
during the Late Pleistocene and Holocene periods. The LBR occupies 
about 1.2 million km2 in the southern part of Siberia (Fig. 1A). The part 
of this huge region situated north and west of Lake Baikal (455 m a.s.l.) 
is called Cis-Baikal (in Russian Pribaikalye) and is characterized by a 
complex topography and hydrology (Fig. 1B), which affect local-scale 
climate and environmental variability. Boreal coniferous forests of 
various compositions, usually called ‘taiga’, occupy most of the region 
(Alpat’ev et al., 1976). However, ‘tundra-like’ vegetation associations 
are common in swampy areas, at lake shores and in river valleys (Kobe 
et al., 2020), and in the mountains above 1800 m (Bezrukova et al., 
1996; Kozhova and Izmest’eva, 1998; Demske et al., 2005). Steppe-like 
associations frequently occur on east- and south-facing slopes across the 
entire region (Galaziy, 1993; Belov et al., 2002). 

Lake Ochaul (54◦14′N, 106◦28′E; 641 m a.s.l.) is situated about 100 
km northwest of Lake Baikal in the upper reaches of the Lena River 
(Fig. 1B). The Primorskii and Baikal’skii mountain ranges separate the 
lake catchment area from Lake Baikal, while the Lena-Angara Plateau 
borders it in the north and west (Kobe et al., 2021). Ochaul is a relatively 
small freshwater lake with a maximum length of ca. 2.7 km and a 

maximum width of ca. 1.2 km (Boyarkin, 2007). The lake is rather 
shallow with a maximum water depth of about 2.5 m in its central part 
(Kobe et al., 2020). Water temperatures of about 0.7 and 14 ◦C and pH 
values of ca. 6.6 and 6.1 were measured in March and in June, 
respectively. 

The lake is situated in a trough-shaped valley, a part of the large Cis- 
Baikal Depression, which stretches parallel to Baikal from the Angara 
River in the southwest to the Kirenga River in the northeast (Alpat’ev 
et al., 1976; Kobe et al., 2020). The valley has a flat and marshy bottom 
and slopes rising to 200–250 m above the lake level. It is drained by the 
Malaya Anga River – a tributary of the Bol’shaya Anga River, which 
flows into the Lena River near Kachug (Fig. 1B), a small town and county 
centre founded in 1686 (Kobe et al., 2021). 

The bedrocks in the lake drainage area are represented by Mid-
dle–Upper Cambrian Verkholenskaya suite sedimentary rocks, including 
dolomite marls, mudstones, siltstones and sandstones with characteristic 
reddish-brownish colours (Vinogradov et al., 2011), which are trans-
mitted in the process of lithogenesis to the overlying Cenozoic sediments 
(Kobe et al., 2021). The slopes of the valley around the lake are covered 
with boreal coniferous forest consisting of larch (Larix sp.), birch (Betula 
sect. Albae species) and Siberian pine (Pinus sibirica), with admixture of 
spruce (Picea obovata) and fir (Abies sibirica). The undergrowth is rep-
resented by shrubby birches (Betula sect. Fruticosae and B. sect. Nanae), 
shrubs of alder (Alnus fruticosa) and willow (Salix) and diverse members 
of the heath family (Ericaceae), including Ledum palustre, Vaccinium 
vitis-idaea, V. uliginosum as well as various herbaceous taxa, ferns and 
mosses (Kobe et al., 2020). Larch forests with abundant birch shrubs 
(‘ernik’) in the undergrowth also predominate in the lake catchment area 
(Belov et al., 2002). 

The 30-year averages (1991–2020) from Kachug (53◦58′12′′N, 
105◦54′E, 521 m a.s.l.; http://www.pogodaiklimat.ru/history/30622. 
htm), ca. 50 km southwest of Lake Ochaul, provides an overview of 
the modern climate (Fig. 2). However, the precipitation and temperature 
values may vary significantly from year to year, i.e. between 216 and 
466 mm (annual precipitation), between − 35.8 and − 19.1 ◦C (mean 
January temperature) and between +17 and +20.1 ◦C (mean July 
temperature), during the 1991–2020 interval. 

The lake belongs to the ‘Upper Lena archaeological microregion’ of 
Cis-Baikal, rich in archaeological records of Palaeolithic, Mesolithic, 
Neolithic and Bronze Age hunter-gatherers (e.g. Zubkov, 2000; Weber 
et al., 2004; Aksyonov, 2009), though still remains understudied 
(Weber, 2020). Several archaeological surveys conducted around Lake 
Ochaul between 1913 and 2016 (Aksyonov, 2009; Peskov, 2016) 
discovered an archaeological site occupying a large area (Fig. 1D) on the 
northern shore of the lake (Fig. 1C). 

3. Material and methods 

3.1. Och18-II core lithology and chronological control 

The 7.24-m-long sediment core Och18-II (54◦13′58.4′′N, 
106◦27′53.8′′E) was recovered from 2.5 m water depth in the central 
part of Lake Ochaul in the summer of 2018. The coring was performed 
from a coring platform using a UWITEC percussion piston corer (Kobe 
et al., 2020). 

The Och18-II core consists of water-rich soft organic gyttja (0–213 
cm) rich in freshwater mollusc and ostracod shells (Fig. 3A), a transi-
tional layer of gyttja and laminated silty clay (213–236 cm) and a thick 
layer of massive viscous silty clay (236–724 cm). The age-depth model 
of the Och18-II core based on 35 AMS dates has been presented and 
discussed in detail in Kobe et al. (2021) along with the results of the 
multi-proxy analysis of the Last Glacial Maximum interval. The 
age-depth model developed in Kobe et al. (2021) was applied to the 
records from the Lateglacial–Holocene part of the Och18-II core (0–260 
cm) spanning the last ca. 13,500 years and the period discussed in the 
current study (Fig. 3B and Table 1). 
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3.2. Sediment properties 

Physical and geochemical properties of the studied Och18-II core 
sediment section (Fig. 2A) were analysed at the Institute of Geographical 
Sciences (Berlin) and at the Institute of Geochemistry (Irkutsk), as 
described in Kobe et al. (2021). For grain-size measurements, chemical 
pre-treatment was done to isolate discrete particles of the sample from 
organic and carbonate cements and to provide an evenly dispersed 
suspension of individual particles (Sun et al., 2002). Organic matter was 
dissolved with a 10% solution of H2O2 (Allen and Thornley, 2004; 
Mikutta et al., 2005) and carbonate was eliminated by treatment with 
10% HCl. The samples placed in test tubes were centrifuged for 15 min 
at a speed of 3000 rpm, then hydrogen peroxide and hydrochloric acid 
was removed, distilled water was added and the process was repeated. 
Finally, the samples were dried at 105 ◦C. 

The core sediments were described visually in the laboratory. 
Biogenic silica (SiO2bio) was measured at 1-cm intervals as described in 

Mortlock and Froelich (1989). The sediment samples sampled at 1-cm 
steps were analysed for water content and dry bulk density (DBD) 
following a standard protocol (BDP-Members, 2004). The water content 
was measured immediately after the opening of the core. Specimens of 
about 1 cm3 were weighed, dried at 60 ◦C and reweighed. DBD was 
measured by weighing sediment samples on a torsion balance in the air 
and in kerosene. 

A standard set of geochemical analyses (Vogel et al., 2016), including 
elemental analysis of total carbon (TC), total inorganic carbon (TIC) and 
total organic carbon (TOC), as well as determination of sulphur by 
ICP-OES (inductively coupled plasma optical emission spectrometer) on 
the base of an aqua regia extraction (DIN EN, 2001) and portable 
energy-dispersive X-ray fluorescence spectrometry (P-ED XRF) with an 
Analyticon NITON XL3t of grinded and homogenised samples were 
conducted for all selected samples. The measurements were controlled 
with certified reference materials (LKSD-2 and LKSD-4; Lynch, 1990). As 
the elements Al, Ca, Fe, Rb, S, Si, and Zr show recovery values between 

Fig. 2. Modern climate averages for the period 1991–2020 from the meteorological station at Kachug (http://www.pogodaiklimat.ru/history/30622.htm), ca. 50 km 
southwest of Lake Ochaul (Fig. 1B). 

Fig. 3. (A) Simplified lithology and (B) age model of the studied section of the Och18-II sediment core (after Kobe et al., 2021).  
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98 and 112% (Schwanghart et al., 2016) the values were not recalcu-
lated. The main mineralogic components were determined by XRD 
(X-ray diffraction: RIGAKU Miniflex600 at 15 mA/40 kV (Cu kα) from 3◦

to 80◦ (2θ) with a goniometer step velocity of 0.02◦ steps and 0.5◦

min− 1). The XRD-results are expressed in counts per second (cps), which 
reflects, semi-quantitatively, the proportion of the minerals. 

3.3. Palynological analysis and pollen-based biome reconstruction 

A total of 84 sediment samples (each representing a 1-cm depth in-
terval) were taken in 2 to 4-cm steps from the upper 260-cm-long section 
of the Och-18-II core and treated for extraction of pollen, fern and moss 
spores and other non-pollen palynomorphs (NPPs) following the pro-
tocol described in Leipe et al. (2019). One tablet with exotic Lycopodium 
marker spores was added to each sample prior to chemical treatment in 
order to calculate the palynomorph concentrations (Stockmarr, 1971). 
All samples (each consisting of 1 g of sediment) were first treated with 
10% HCl, to remove carbonates and to dissolve the calcareous matrix of 
the Lycopodium tablets, followed by a 10% KOH treatment in a hot water 
bath in order to remove humic acids. We used repeated low-speed 
centrifugation to remove fine silt and clay particles, followed by dense 
media separation using sodium polytungstate (SPT) heavy liquid at a 
density of 2.1 g/cm3 to separate the pollen fraction from the remaining 
siliceous matter and other heavier particles. After SPT treatment and 
acetolysis, the sample residues were washed three times with distilled 
water and mounted in glycerol for microscopic analysis. 

Pollen and non-pollen palynomorphs (NPPs) were counted using a 
light microscope at ×400 magnification and identified with the help of 
published atlases (van Geel, 1978, 2002; Reille, 1992, 1995, 1998; 
Jankovská and Komárek, 2000; Komárek and Jankovská, 2001; Beug, 
2004; Demske et al., 2013; Savelieva et al., 2013) and the Section of 
Paleontology (FU Berlin) reference collection. Pollen produced by birch 
trees and birch shrubs was distinguished using morphological criteria 
discussed in Mäkelä (1996) and pollen of Pinus subgenus Diploxylon was 
distinguished from that of P. subgenus Haploxylon using morphological 
criteria discussed in Beug (2004) and Nakagawa et al. (2000). We aimed 
to count at least 400 terrestrial pollen grains per sample in order to 
reconstruct past vegetation composition without missing out on rare, 
but representative, taxa (e.g. Bennett and Willis, 2001). 

Tilia version 1.7.16 software (Grimm, 2011) was used for calculating 
relative taxa percentages and for drawing the diagrams. Following Kobe 

et al. (2021), percentages for all terrestrial pollen taxa were calculated 
based on the sum of arboreal pollen (AP) and non-arboreal pollen (NAP) 
taken as 100%. Percentages for aquatic plants and terrestrial cryptogams 
were calculated based on the terrestrial pollen sum plus the sum of 
palynomorphs in the corresponding group. All NPPs are presented as 
absolute concentration values. The CONISS program for strati-
graphically constrained cluster analysis by the method of incremental 
sum of squares (Grimm, 1987) was used to draw pollen zone boundaries. 

Prentice et al. (1996) introduced a quantitative approach for the 
objective assignment of fossil pollen spectra to major vegetation types 
and for the robust comparison of the vegetation reconstruction results 
with the outcome of climate and vegetation modelling experiments. The 
reconstructed and simulated vegetation types or biomes are defined 
based on the ecological and bioclimatic characteristics and spatial dis-
tribution of pollen-producing plant taxa. The robustness of the biome 
reconstruction approach was tested using modern surface pollen data 
from northern Eurasia, including the LBR (Tarasov et al., 1998, 2005, 
2013; Edwards et al., 2000; Müller et al., 2010; Binney et al., 2017). 
These successful tests of the method allowed its application for recon-
structing the glacial-interglacial vegetation dynamics in the LBR over 
the past 500,000 years (Tarasov et al., 2005; Bezrukova et al., 2010; 
Prokopenko et al., 2010; Kobe et al., 2020, 2021). In the current study, 
we assigned all identified terrestrial pollen taxa to the corresponding 
regional biomes, following the biome-taxon matrix (Table 2) published 
in Kobe et al. (2020, 2021). Calculations of the biome affinity scores 
were performed using the equation published in Prentice et al. (1996), in 
which square root transformation was applied to pollen percentage 
values exceeding the universal threshold of 0.5% to increase the 
importance of minor pollen taxa. The biome with the highest affinity 
score or the one defined by a smaller number of contributing plant 
functional types and pollen taxa (when scores of several biomes are 
equal) was then assigned to each pollen spectrum (Prentice et al., 1996). 

3.4. Other fossils: extraction and cleaning methods 

In an attempt to obtain more biological proxies and to assess their 
potential for future high-resolution studies (e.g. stable isotope and trace 
element measurements) and environmental reconstructions, the Och18- 
II core sediments were first screened for calcareous fossils such as os-
tracods, molluscs and gyrogonites. It became clear that the sediment 
contains an unexpectedly rich variety of fossil taxa (Supplemental Fig. 

Table 1 
Available AMS 14C dating results (from Kobe et al., 2021) obtained on bulk sediment samples from the Lateglacial–Holocene section of the Och18-II sediment core 
(Fig. 2A) along with the respective calibrated ages (expressed as 95% probability ranges) and modelled median point estimates used in the age-depth model (Fig. 2B). 
All 14C dates (in 14C yr BP) were calibrated using OxCal v.4.4 software (Bronk Ramsey, 1995) and the IntCal20 calibration curve (Reimer et al., 2020).  

Core segment 
ID 

Radiocarbon laboratory 
number 

Core composite 
depth, cm 

Radiocarbon date, 14C 
yr BP 

Corrected radiocarbon date, 
14C yr BP 

95% age range, cal yr 
BP 

Modelled age, cal 
yr BP 

Och18/II-1 Poz-106375 0–1 615 ± 30 15 ± 30 255–34 − 47 
Och18/II-1 Poz-114424 1–2 695 ± 30 95 ± 30 265–22 − 6 
Och18/II-1 Poz-114366 21–22 1855 ± 30 1255 ± 30 1280–1074 815 
Och18/II-1 Poz-114367 41–42 2310 ± 30 1710 ± 30 1699–1535 1637 
Och18/II-1 Poz-114409 61–62 3110 ± 30 2510 ± 30 2735–2490 2459 
Och18/II-1 Poz-114410 81–82 4255 ± 35 3655 ± 35 4090–3877 3281 
Och18/II-1 Poz-114411 101–102 4940 ± 30 4340 ± 30 5021–4844 4102 
Och18/II-1 Poz-114412 127–128 5815 ± 30 5215 ± 30 6165–5910 6215 
Och18/II-1 Poz-106373 129–130 6140 ± 40 5540 ± 40 6404–6280 6374 
Och18/II-2 Poz-106374 100–101 6440 ± 40 5840 ± 40 6745–6502 4062 
Och18/II-2 Poz-114413 104–105 4430 ± 30 3830 ± 30 4405–4101 4226 
Och18/II-2 Poz-114415 124–125 5930 ± 35 5330 ± 35 6263–5996 5971 
Och18/II-2 Poz-114416 144–145 6655 ± 35 6055 ± 35 6996–6797 7495 
Och18/II-2 Poz-114417 164–165 8790 ± 50 8190 ± 50 9287–9015 8821 
Och18/II-2 Poz-114571 184–185 9550 ± 50 8950 ± 50 10,225–9914 9994 
Och18/II-2 Poz-114518 204–205 8630 ± 50 8030 ± 50 9031–8658 11,047 
Och18/II-2 Poz-114419 218–219 10410 ± 50 9810 ± 50 11,317–11,166 11,724 
Och18/II-2 Poz-114420 237–238 11070 ± 50 10470 ± 50 12,562–12,135 12,577 
Och18/II-2 Poz-114421 258–259 12180 ± 50 11580 ± 50 13,540–13,291 13,443 
Och18/II-2 Poz-106902 259–260 11340 ± 60 10740 ± 60 12,810–12,620 13,470  
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S1). The small sediment subsample size (i.e. 2–6 g) prevented the use of 
standard preparation techniques (e.g. decalcification or alkaline solu-
tions) developed for single fossil groups. Other challenges resulted from 
the different geochemical properties of the sediment, the mix of the 
contained calcareous, apatite, siliceous, chitinous and organic plant 
microfossils and the high content of organic material. 

For the determination of an optimal extraction and cleaning method, 
5 samples (2–6 g each) were divided in 12 subsamples and treated with 
the following common microfossil preparation methods: 1) ultrasonic 
bath, 2) potassium hydroxide, 3) Rewoquat® and 4) hydrogen peroxide. 
In a first attempt to disintegrate the sediment mechanically an ultrasonic 
bath was used for 1–10 min as suggested by Wissing and Herrig (1999). 
The fossil material (sediment and single ostracod valves) was put in a 
ceramic bowl with water and placed in the ultrasonic bath and examined 
afterwards. However, as the shell material and especially ostracod 
valves were damaged, the ultrasonic treatment was rejected. 

Potassium hydroxide (KOH) is commonly used to deflocculate 
organic rich samples (Bates et al., 1978). Our test samples were treated 
with 5% and 10% KOH for a duration of 1–24 h. No effect on the sedi-
ment matrix was observed, possibly due to the high content of calcar-
eous material. Rewoquat® has been reported as very efficient for 
disintegrating clayey sediment samples and cleaning fossils (Wissing 
and Herrig, 1999). It was used in a pure state and diluted with ethanol, 
following the descriptions in Wissing and Herrig (1999) and Jar-
ochowska et al. (2013), however, without any noticeable disintegrative 
effect. The sediment soaked with Rewoquat® mixed with ethanol did 
not interact with watery solutions afterwards, making any further 
handling extremely difficult. 

The best results were achieved using a low concentration of 
hydrogen peroxide (H2O2), which is considered one of the least harmful 
chemicals for the purpose of cleaning ostracods in these studies (Keat-
ings et al., 2006; Li et al., 2007). It was found that the Lake Ochaul 
sediment samples react quite differently depending on composition. 
While samples rich in organic and calcareous material may require a 
24-h treatment with 10% H2O2, samples comprising mainly terrigenous 
siliciclastic material became sufficiently loose already after 2 h of 
treatment with 5% H2O2. Here, an approach was chosen to treat the 
samples with 5 or 10% H2O2 as long as necessary, but as short as 
possible. The following steps were employed.  

1) The sediment sample was weighed and rinsed with tap water using a 
sieve with a 106 μm mesh size. The fraction larger than 106 μm was 
placed in a plastic container and put in a freeze drier (ca. − 60 ◦C) for 
7–16 h depending on sample size. During rinsing, the excess water 
was collected in a 5-L beaker, allowing time for the sediment parti-
cles smaller than 106 μm to settle. In most cases, sufficient sediment 
settled from suspension after 5–10 min. Investigations of this residue 
showed that it contained abundant sponge spicules, remains of algae, 
testate amoebae and other fossils. Pollen and NPPs of a similar size 
were rarely found. The sediment <106 μm was dried in a heating 
oven at 40 ◦C overnight.  

2) After drying, the small fraction was stored in plastic containers. The 
fraction >106 μm was examined for chitinous fossils, plant debris, 
molluscs, if the periostracum was preserved, and larger clean objects, 
such as fish teeth. If needed, these fossils were cleaned manually with 
a brush and water. The remaining sediment, which still forms 
coherent lumps was treated with H2O2. To estimate the necessary 
reaction time, a small amount of every sample was tested using 5% 
H2O2. This prevents over-treatment and possible damage of the 
fossils and saves time. As under-treatment of the organic rich samples 
can result in a thin coating of organic matter on the fossils, the 
samples rich in organic matter should be treated with 10% H2O2.  

3) Following the results of the test, the samples were treated with 5 or 
10% H2O2 usually for 2, 4, 5, 7 or 24 h. Longer treatment requires 
regular checks to avoid any negative effects. The samples are then 
rinsed again as described above. Then, the fraction <106 μm can be 
oven-dried and the fraction >106 μm must be freeze-dried. In 
optimal cases, fossils were free of sediment and ready for subsequent 
picking with a fine brush or needle after freeze-drying. 

3.5. Ostracod analysis 

For the analysis of ostracods, 41 sediment samples, each representing 
a 1-cm-thick slice, have been taken from the analysed core section. The 
samples were treated according to the protocol described in section 3.4. 
and in Kobe et al. (2021). For species identification, ostracods from 34 
sediment samples with a high ostracod concentration were sputtered 
with gold and photographed using a Leica S430 Scanning Electron Mi-
croscope (SEM) at the German Archaeological Institute, Berlin and a 
ZEISS SUPRA™ 40 V P Ultra SEM at the FU Berlin. Species were iden-
tified with the ostracod determination keys published by Meisch (2000) 
and Fuhrmann (2012) and species descriptions in Bronstein (1947) and 
Mazepova (1990). Species richness was calculated for all samples with 
identified species. 

3.6. Malacological analysis 

Shells of land and freshwater molluscs can be abundant in a range of 
Quaternary sediments and several recent studies of terrestrial geological 
sections in the LBR demonstrated the significance of well-dated 
molluscan successions for the reconstruction of Late Pleistocene and 
Holocene palaeoenvironments (e.g. White et al., 2008; Danukalova 
et al., 2015; Shchetnikov et al., 2019). In this study, mollusc shells were 
extracted from the Och18-II core sediment samples selected for the 
ostracod analysis in order to test the potential of malacological analysis 
for further in-depth research. In total, 5 samples were selected, which 
represent the 25–26 (ca. 980 cal yr BP), 33–34 (ca. 1310 cal yr BP), 
133–134 (ca. 6530 cal yr BP), 196–197 (ca. 10,640 cal yr BP) and 
229–230 cm (ca. 12,230 cal yr BP) levels and the most characteristic 
intervals in the palynological and sedimentary records. 

A single bivalve shell was counted if more than 50% of the shell were 
preserved (Foster et al., 2018). Taxonomic identification was done using 
the descriptions and published reference keys of Zhadin (1952), 
Nederlandse Fauna 2 (1998), Falkner et al. (2002), Glöer (2002, 2019), 
Sanko (2007), Welter-Schultes (2012), Rogers (2019) and Khokhutkin 
et al. (2009) for Lymnaeidae. Each specimen was identified to the level 

Table 2 
Terrestrial pollen taxa, exceeding the 0.5% universal threshold (Prentice et al., 
1996), identified in the Late Quaternary pollen records from Northern Eurasia 
(Tarasov et al., 1998) and the Lake Baikal Region (Tarasov et al., 2009a; Bez-
rukova et al., 2010; Müller et al., 2014; Kobe et al., 2020, 2021) and their as-
signments to the respective biomes. Taxa indicated with an asterisk do not 
exceed 0.5% in the analysed Och18-II core samples and therefore did not in-
fluence biome score calculations.  

Biome name Taxa included 

Tundra Alnus fruticosa, Betula sect. Nanae, Salix, Ericales*, Cyperaceae, 
Poaceae, Polemonium*, Polygonaceae*, Saxifragaceae*, 
Scrophulariaceae*, Valeriana* 

Cold deciduous 
forest 

Pinus (subgen. Diploxylon-type), Pinus (subgen. Haploxylon- 
type), Larix, Alnus (tree)*, Betula sect. Albae, Ericales*, Salix, 

Taiga Abies, Picea, Pinus (subgen. Diploxylon-type), Pinus (subgen. 
Haploxylon-type), Larix, Alnus (tree)*, Betula sect. Albae, 
Corylus*, Ericales*, Ribes*, Salix 

Cool conifer 
forest 

Abies, Picea, Pinus (subgen. Diploxylon-type), Pinus (subgen. 
Haploxylon-type), Larix, Alnus (tree)*, Betula sect. Albae, 
Corylus*, Ulmus*, Ericales*, Ribes*, Salix 

Steppe Apiaceae*, Artemisia, Asteraceae (Asteroideae), Asteraceae 
(Cichorioideae), Brassicaceae, Cannabaceae, 
Caryophyllaceae*, Chenopodiaceae, Epilobium*, Fabaceae*, 
Lamiaceae*, Liliaceae*, Allium*, Plantago*, Poaceae, 
Polygonaceae*, Ranunculaceae, Thalictrum, Rosaceae, 
Rubiaceae, Scrophulariaceae*, Urtica*, Valeriana* 

Desert Artemisia, Boraginaceae*, Chenopodiaceae, Ephedra*, 
Polygonaceae*  
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of genus and, if possible, species. A precise taxonomic evaluation and 
re-assessment of the gastropod genus Gyraulus has yet to be achieved 
(sensu Glöer, 2002; Rogers, 2019). In Rogers (2019), G. rossmaessleri 
(Auerswald, 1852) is described as Lamorbis rossmaessleri and G. crista 
(Linnaeus, 1758) as Armiger crista. The possible synonym “Armiger crista” 
is also often used for G. crista (e.g. Richardot-Coulet and Alfaro-Tejera, 
1985). Here, the concept of Glöer (2002, 2019) is accepted, according 
to which Lamorbis Starobogatov, 1967 and Armiger Hartmann, 1843 may 
represent subgenera of the genus Gyraulus Charpentier, 1837. 

3.7. Zooarchaeological material from the Ochaul site 

The cultural layers of the archaeological site at the northern shore of 
Lake Ochaul (Fig. 1C and D) are confined to the terrace and alluvial cone 
surfaces elevated up to 1.5–10 m above the modern lake level. The 
Ochaul site was first discovered by B.E. Petri in 1913. In 1971, it was 
visited by the archaeological team of the Complex Archaeological 
Expedition, Irkutsk State University (ISU), led by M.P. Aksyonov, who 
organised the first surface survey. 

In 1989, the site was revisited and studied by the Upper Lena 
Research Team of the Middle-Siberian Archaeological Expedition, ISU, 
supervised by V.M. Vetrov, N.E. Berdnikova and N.A. Saveliev. They 
performed topographic and photographic surveys of the site, collected 
surface material and investigated several test pits at the alluvial fan. 
Cultural remains were recorded between 3 and 16 m above the lake level 
and in the blackish humified sandy loam layer up to a depth of 0.40 m 
from the modern surface. The archaeological finds were typologically 
assigned to the Mesolithic and Neolithic period and dated back to ca. 
8000–5000 years ago. In 1995, a part of the archaeological site was 
destroyed during the construction of a reservoir for sapropel, the area of 
destruction was 100 × 200 m. In 2001, S.N. Perzhakov carried out 
monitoring and estimated the total area of the archaeological site to be 
about 120,000 m2. 

In 2016, archaeological work was carried out by S.A. Peskov and S.N. 
Perzhakov, who excavated and investigated cultural layers in six test 
pits, named pits No. 1 (2 × 2 m), No. 2 (1 × 2 m) and No. 3–6 (2 × 2 m). 
In the course of the trial excavations and surface surveys, rich archae-
ological material was discovered, including tools and weapons made of 
stone and elk bone, shards of ornamented and plain ceramic vessels, 
animal bone fragments and scattered human remains. The scattered 
human bones also suggest burial activities at the site sometime in the 
past, although no graves have yet been found. The cultural layers were 
typologically and tentatively assigned to the relatively broad time in-
terval from the Mesolithic to the Bronze Age, albeit an occupation in the 
Late Pleistocene was also considered after a bone fragment of an extinct 
wild horse was excavated. For this study, six bone fragments of wild 
ungulate species (all showing traces of anthropogenic modifications) 
from the archaeological collections of 1989 (cultural layer 35–55 cm 
below surface) and 2016 (cultural layer 30–75 cm below surface) were 
selected (Table 3) and sent to the Poznan Radiocarbon Laboratory for 
AMS 14C age determination. All bioarchaeological dates were converted 
to calendar ages using OxCal v4.4 (Bronk Ramsey, 1995) and the 

IntCal20 curve (Reimer et al., 2020). 

4. Results 

4.1. Sediment properties 

The results of the physical and geochemical analyses of the Och18-II 
sediment are summarized in Fig. 4 and Supplemental Fig. S2. The sec-
tion is composed of organic gyttja and silty clay. Its main characteristics 
are relatively high TOC (5.6–28.4%) and TIC. Calcite (CaCO3) is the 
main mineral, except during the Lateglacial (ca. 13,500–11,650 cal yr 
BP) and during the last 1200 years when quartz (SiO2) dominates. Pyrite 
(FeS2) is present throughout the entire section and is highest when Ca 
contents are low during the Lateglacial and the last 2200 years. The 
composition of the remaining minerals is similar to that of the Last 
Glacial Maximum sequence (LGM; Kobe et al., 2021) with phyllosilicates 
(muscovite [KAl2(Si3Al)O10(OH)2] and chlorite [MgxAlxCrxAlx-
Six4-O10(O)8]) and silicates (albite [Na(AlSi3O8)] as feldspar). Biogenic 
silica (SiO2bio) shows higher contents (up to 3%) in the uppermost part 
of the core (4200 cal yr BP to present). Based on sediment properties, the 
entire core has been divided into four main sediment zones (SZ-1 to 4) 
(Fig. 4). 

SZ-1 (260–217 cm; ca. 13,500–11,650 cal yr BP) consists of silty clay 
and is characterised by changes in the mineralogic contents of calcite, 
quartz and pyrite. Consequently, the concentrations of Ca, Ti, Fe, S, P 
and organic and inorganic carbon also exhibit changing values. This 
interval can be divided into two subzones SZ-1a (260–240 cm; 
13,500–12,660 cal yr BP) and SZ-1b (240–217 cm; 12,660–11,650 cal yr 
BP). 

SZ-2 (217–150 cm; ca. 11,650–8000 cal yr BP) consists of organic 
gyttja and shows minor changes in its main components such as calcite, 
quartz and pyrite and relatively stable values for nearly all other pa-
rameters, such as Ca, Ti, Fe, S, and P. Organic and inorganic carbon show 
constantly high values and only minor changes throughout this interval. 

SZ-3 (150–60 cm; ca. 8000–2200 cal yr BP) is very similar to SZ-2, 
but the organic gyttja in the lower part (SZ-3a: 150–104 cm; ca. 
8000–4260 cal yr BP) exhibits slightly lower organic carbon contents 
and minimal fluctuations in the other components. 

SZ-4 (60 cm to top of core Och18-II; 2200 cal yr BP to the coring year 
2018) composed of organic gyttja is characterized by changing sediment 
parameters and the highest organic carbon contents. The calcite content 
decreases towards the top of the core whereas quartz, biogenic silica 
and, in particular, pyrite show increasing values (Fig. 4). 

4.2. Palynological assemblages and reconstructed biomes 

The results of the pollen analysis and pollen-based biome recon-
struction are summarized in Fig. 5, while the aquatic pollen, fern spores 
and other NPP taxa are shown in Fig. 6. The entire record has been 
divided into nine local pollen zones called PZ-1 to 9. 

PZ-1 (260–240 cm, ca. 13,500–12,660 cal yr BP) is characterized by 
moderately high tree (up to 61.5%) and shrub (up to 18%) percentages 

Table 3 
Available 14C dating results from the archaeological site Ochaul (this study) discussed in the current paper. The 14C dates (in 14C yr BP) were calibrated using OxCal 
v.4.4 software (Bronk Ramsey, 1995) and the IntCal20 calibration curve (Reimer et al., 2020). Calibrated ages are expressed as 95% probability ranges.  

Zooarchaeological sample 
number 

Laboratory code Dated bone material 14C date (14C yr BP) Calibrated age, 95.4% range (cal yr BP) Laboratory remark 

1989 collection 
Och-1989-2 Poz-134277 Capreolus sp. 2070 ± 35 2124–1930 1.4% N, 7.9% C, 5.5% collagen 
Och-1989-1 Poz-134275 Capreolus sp. 4855 ± 35 5716–5489 1.9% N, 8.6% C, 5% collagen 
2016 collection 
Och-2016-2 Poz-134279 Alces sp. 5595 ± 50 6487–6296 1.3% N, 7.3% C, 3.9% collagen 
Och-2016-3 Poz-134280 Cervidae sp. 5870 ± 50 6837–6507 2.0% N, 8.2% C, 5.3% collagen 
Och-2016-1 Poz-134278 Capreolus sp. 7820 ± 50 8851–8449 2.8% N, 9.9% C, 5.5% collagen 
Och-2016-4 Poz-134281 Equus sp. 23170 ± 220 27785–27158 3.2% N, 10.9% C, 7.8% collagen  
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mainly represented by Betula sect. Albae (37–50%), Picea (5–14%), Alnus 
fruticosa (2–5%), Betula sect. Nanae/Fruticosae (4–9%) and Salix (1–8%). 
The NAP contribution (up to 36%) is relatively high, especially for 
Artemisia (8–17%), Cyperaceae (2–6%), Poaceae (5–9%) and Thalictrum 
(4–8%). The biome reconstruction shows the highest scores for the taiga 

(TAIG) biome, closely followed by tundra (TUND). Among the NPP taxa, 
green algae Botryococcus and Pediastrum show very high concentrations, 
with a dominance of P. boryanum (up to 980,000 coenobia/g) followed 
by P. kawraiskyi and P. duplex. 

PZ-2 (240–218 cm, 12,660–11,680 cal yr BP) reveals the highest 

Fig. 4. Selected sediment properties (B) and geochemical parameters (C) of the studied section of the Och18-II sediment core (A).  

Fig. 5. Simplified percentage diagram showing results of pollen analysis and calculated affinity scores of the major regional biomes: taiga (TAIG), cold deciduous 
forest (CLDE), tundra (TUND) and cool steppe (STEP). 
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percentages for boreal shrubs (up to 37.5%), lowest percentages for trees 
(39–45%) and moderately high NAP percentages (up to 28%). The 
tundra biome has the highest score. Algae concentrations decrease 
rapidly, especially for Pediastrum. The concentrations of Botryococcus 
and P. kawraiskyi show a constant decreasing trend towards the upper 
zone boundary. P. integrum (up to 1000 coenobia/g) and P. orientale (up 
to 2500 coenobia/g) appear in this PZ. 

PZ-3 (218–181 cm, 11,680–9770 cal yr BP) shows a decrease in 
shrub taxa percentages (down to 12%), dominance of B. sect. Albae 
(54–80%), increasing values of coniferous taxa like Abies (up to 1%), 
Picea (0,5–10%), Pinus (Haploxylon type up to 7% and Diploxylon type up 
to 1.5%) and Larix (up to 5%). The taiga biome scores are the highest 
again. Polypodiales (up to 1%) and Pteridium (up to 3.5%) fern spores 
show slightly higher values. Concentrations of green algae remain 
generally low, although P. boryanum shows two distinct peaks. 

PZ-4 (181–155 cm, 9770–8250 cal yr BP) shows high AP values (up 
to 89%) and the dominance of B. sect. Albae (66–81%). The NAP per-
centages decrease from 17.5 to 11%, which is also visible in decreasing 
scores of the cool steppe (STEP) and tundra biomes. 

PZ-5 (155–104 cm, 8250–4260 cal yr BP) demonstrates the highest 
AP values (up to 94.5%), accompanied by the higher percentages of P. 
subgen. Haploxylon (3.5–13%), P. subgen. Diploxylon (1–5.5%) and Larix 
(up to 3%). The taiga biome keeps its dominant role. Pollen of aquatic 
Myriophyllum (up to 1%) appears in growing numbers. Algae concen-
trations are low and Botryococcus even disappears at several levels. 
Pediastrum concentrations remain stable. P. boryanum dominates with P. 
duplex and P. integrum being present. 

PZ-6 (104–83 cm, 4260–3320 cal yr BP) shows a drop in B. sect. 
Albae percentages to 69.5% in the middle of the zone and an increase in 
P. subgen. Diploxylon to 8.5%. Percentages of shrubby taxa increase 
slightly (1.5–7.5%) and a small peak of B. sect. Nanae/Fruticosae (5.5%) 
is registered at 100 cm (about 4060 cal yr BP). No changes appear in the 
algae record. 

PZ-7 (83–46 cm, 3320–1840 cal yr BP) reveals a continuous decrease 
in AP from 88 to 84% and a parallel increase in shrub pollen from 2.5 to 
5%. The relative contribution of coniferous taxa also increases. NAP 
percentages increase to 8–11%. Single occurrences of Epilobium are 
registered in this and in the two uppermost zones. Myriophyllum per-
centages increase to 6.5%. Green algae almost disappear towards the 
upper zone boundary. 

PZ-8 (46–19 cm, 1840–690 cal yr BP) shows a similar composition to 
the previous zone with a minor decrease in Picea to 2% and P. subgen. 
Haploxylon (3.5–7%) and an increase of P. subgen. Diploxylon 
(6–12.5%). Percentages of A. fruticosa shrubs show a clear increase to 
5.5%. Noteworthy is the temporary drop in AP to 86% at 28 cm (1100 
cal yr BP). Pollen percentages of Myriophyllum are still moderately high 
(up to 3.5%). Concentrations of green algae are still low, but show an 
increase towards the upper zone boundary. 

PZ-9 (19–0 cm, 690 cal yr BP onwards) is characterized by slightly 
lower AP percentages. B. sect. Albae values decrease to 50% in the 
middle of the zone, although all coniferous taxa show slight increases in 
abundance. Poaceae (up to 4%) and Artemisia (up to 8%) occur more 
frequently. These changes coincide with the presence of Cerealia-type, 
Secale (up to 0.7% each) and Cannabaceae pollen. Although biome 
scores of tundra and steppe increase throughout the zone, taiga remains 
the dominant biome. Concentrations of green algae increase once again 
in this zone. P. boryanum dominates but P. duplex, P. integrum, P. orientale 
and Botryococcus are registered as well. 

4.3. Ostracods 

In total, 39 of 41 analysed samples contained ostracods. In these 
samples, the amount of ostracod valves ranged from a few to approxi-
mately 1000 specimens per sample (Fig. 7). Especially the lower 20-cm 
and upper 26-cm intervals are characterized by very low ostracod oc-
currences of a maximum of 8 valves per sample. Most of the remaining 

Fig. 6. Simplified diagram showing aquatic pollen and fern spore percentages and absolute concentrations of counted chironomid and green algae remains.  
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samples (except one sample) yielded more than 100 single ostracod 
valves each. 

In total, 3940 ostracod valves from the selected sediment samples 
were identified to species level (Fig. 7). In the investigated core segment, 
we found an ostracod fauna comprising the following 12 species (Fig. 8): 
Candona candida (O.F. Müller, 1776), Pseudocandona parallela? (G.W. 
Müller, 1900), Limnocythere inopinata (Baird, 1843), Heterocypris salina 
(Brady, 1868), Fabaeformiscandona hyalina (Brady and Robertson, 
1870), Cypridopsis vidua (O.F. Müller, 1776), Darwinula stevensoni (Brady 
and Robertson, 1870), Cyclocypris ovum (Jurine, 1820), Physocypria 
kraepelini (G.W. Müller, 1903), Pseudocandona compressa? (Koch, 1838), 
Potamocypris villosa (Jurine, 1820) and Fabaeformiscandona fabaeformis 
(Fischer, 1851). With the help of CONISS, the ostracod record was 
divided into nine ostracod zones further called OZ-1 to 9 (Fig. 7). 

OZ-1 (260–239 cm, ca. 13,500–12,650 cal yr BP) consists of two 
productive samples from 249 to 250 and 259–260 cm with a very low 
ostracod content (4–8 valves). Their relative species occurrences are 
therefore not representative for the ancient ostracod community. Five 
different species could be distinguished (C. candida, P. parallela?, 
L. inopinata, H. salina and F. hyalina). 

OZ-2 (239–217 cm, ca. 12,650–11,650 cal yr BP) also consists of two 
productive samples, while the lowest sample (239–240 cm) was free of 
ostracods. The assemblage is dominated by C. candida and C. vidua (30% 
each) and F. hyalina (24%). The sample from 219 to 220 cm comprises 
only 19 valves and is dominated by F. hyalina (95%). 

OZ-3 (217–173 cm, ca. 11,650–9330 cal yr BP) is characterized by 
the appearance of H. salina (up to 12%) and an increasing relative 
abundance of F. hyalina (up to 33%), which both disappear in the core 
sediment above. L. inopinata (26–44%) and C. candida (16–34%) are co- 
dominant and D. stevensoni, C. vidua, P. parallela, C. ovum, P. kraepelini, 
P. compressa and P. villosa are present in this zone. With up to 10 species 
per sample, this zone shows the highest diversity of the investigated core 
section; the absolute numbers of ostracod valves are relatively high. 

OZ-4 (173–145 cm, ca. 9330–7530 cal yr BP) is co-dominated by 
L. inopinata (max. 74%) and C. candida (max. 67%). D. stevensoni reaches 

its maximum (7%) before it disappears from the record. The absolute 
numbers of ostracod valves are highest (up to 1000 specimens per 
sample) in this zone. 

The following three zones (OZ-5 to OZ-7; 145–52 cm, ca. 7530–2070 
cal yr BP) show some similarities in assemblage composition, but 
noticeable differences in the percentages of contributing taxa. The main 
feature is a change in the ostracod composition from L. inopinata- 
dominated to C. vidua-dominated (up to 79%) assemblages with only a 
few occurrences of L. inopinata. The ostracod assemblages of OZ-5 are 
characterized by high occurrences of C. candida (up to 51%), whereas 
OZ-6 is dominated by C. vidua (65–79%). OZ-7 reveals relatively high 
percentages of F. fabaeformis (up to 18%), which appears for the first 
time in the upper part of OZ-5, but is absent in the upper half of OZ-6. 

OZ-8 (52–21 cm, ca. 2070–800 cal yr BP) is dominated by 
P. parallela? and C. candida with few occurrences of P. compressa?, 
C. vidua, F. fabaeformis and L. inopinata. The uppermost OZ-9 reveals a 
very low absolute valve numbers represented by a few specimens of 
L. inopinata, C. candida, P. compressa?, P. kraepelini and F. fabaeformis. 

4.4. Molluscs 

In each of the five analysed samples only very few individuals were 
preserved well-enough to be identified to the species level (Fig. 9). 
Especially in samples from 25 to 26 cm (ca. 980 cal yr BP) and 33–34 cm 
(ca. 1310 cal yr BP), the gastropod and bivalve shells are broken and 
appear abraded and corroded. Abundant juvenile forms in the samples 
from 33 to 34 (ca. 1310 cal yr BP) and 229–230 cm (ca. 12,230 cal yr BP) 
did not allow a reliable identification or, for many specimens, identifi-
cation only to genus-level. The high morphological variability of some 
Gyraulus species (see Gyraulus crista in Glöer, 2002, Fig. 297) further 
complicated a precise taxonomic identification. 

The five test samples yielded 39 identifiable gastropods and 14 bi-
valves. Most abundant are representatives of the gastropod genus 
Gyraulus (n = 37). Additionally, there are Valvata cristata (O.F. Müller, 
1774) (n = 1) and Lymnaea sp. (n = 1). The identified Gyraulus 

Fig. 7. Percentage diagram showing results of ostracod analysis.  
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Fig. 8. Specimens of determined ostracod species extracted from sediment samples of the studied section of the Och18-II sediment core: (A–B) Darwinula stevensoni 
(Brady and Robertson, 1870), right valve: (A) external view, (B) internal view; (C) Candona candida (O.F. Müller 1776), right valve, internal view; (D) Fabae-
formiscandona fabaeformis (Fischer, 1851), left valve, internal view; (E–F) Fabaeformiscandona hyalina (Brady and Robertson, 1870), right valve: (E) external view, (F) 
internal view; (G–H) Pseudocandona compressa? (Koch, 1838): (G) left valve, external view, (H) right valve, internal view; (I) Pseudocandona parallela? (G.W. Müller, 
1900), left valve, external view; (J–K) Physocypria kraepelini (G.W. Müller, 1903): (J) left valve, internal view, (K) right valve, internal view; (L) Cyclocypris ovum 
(Jurine, 1820), left valve, internal view; (M–N) Heterocypris salina (Brady, 1868), right valve: (M) external view, (N) internal view; (O–P) Cypridopsis vidua (O.F. 
Müller, 1776): (O) left valve, external view, (P) right valve, internal view; (Q) Limnocythere inopinata (Baird, 1843), left valve, external view; (R) Potamocypris villosa 
(Jurine, 1820), right valve, internal view. Scale bars represent 100 μm. 
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Fig. 9. Percentage diagram showing results of malacological analysis of the five selected test samples and the photographic images of the most common taxa: (A–E) 
gastropods in top (1), apertural (2) and umbilical (3) view; A – Gyraulus crista (Linnaeus, 1758); B – Gyraulus laevis (Alder, 1838); C – Gyraulus rossmaessleri 
(Auerswald, 1851); D – Valvata cristata (Müller, 1774); E − Gyraulus albus (Müller, 1774); (F) external and internal view of a bivalve Sphaerium cf. Corneum (Linnaeus, 
1758). Scale bars represent 500 μm (A–E) and 1000 μm (F). 
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specimens (n = 23) comprise four species: G. albus (O.F. Müller, 1774) 
(n = 12), G. crista (G. crista cf. Cristatus) (n = 6), G. cf. laevis (Alder, 
1838) (n = 1) and G. cf. rossmaessleri (n = 4). The bivalve fraction only 
contains two genera with two species, Pisidium nitidum (Jenyns, 1832) 
(n = 3) and Sphaerium cf. Corneum (Linnaeus, 1758) (n = 1). Some 
broken or less well-preserved bivalve shells could only be attributed to 
the genera Sphaerium sp. and Pisidium sp. 

4.5. Zooarchaeological data 

The obtained 14C dating results along with the calibrated ages of the 
available archaeological animal bone material from the Ochaul site are 
presented in Table 3. The 95% probability ranges of the calibrated ages 
demonstrate hunting activities and multi-phase use of the site during the 
Mesolithic (8851–8449 cal yr BP) and Neolithic (6837–6507; 
6487–6296 and 5716–5489 cal yr BP) periods, but also during the Iron 
Age (2124–1930 cal yr BP). The identified bone remains suggest that roe 
deer, elk and possibly red deer were hunted during these intervals. One 
date from a bone sample of an extinct wild horse (27,785–27,158 cal yr 
BP, 95% probability range) indicates that the site was already visited by 
Upper Palaeolithic hunter-gatherers. 

5. Discussion 

5.1. Vegetation and climate history 

5.1.1. Lateglacial (ca. 13,500–11,650 cal yr BP) 
Our data suggest that the landscape around the lake was well vege-

tated, with AP taxa contributing ca. 50–60% to the pollen assemblage 
between ca. 13,500 and 12,660 cal yr BP (Fig. 10A), while herbaceous 
pollen contributed about 30% during that time. High percentages of 
birch and spruce pollen led to the reconstruction of the taiga forest as the 
dominant biome (Fig. 10B). However, still relatively high contributions 
of boreal shrubs and herbaceous taxa indicate patchy vegetation with 
tundra and steppe communities occupying a greater area than today. 
Most likely, woody vegetation mainly occupied floodplain environments 
with sufficient moisture supply, while drier slopes were covered with 
herbaceous vegetation. 

A noticeable change in the pollen assemblages occurred ca. 
12,660–11,680 cal yr BP, when percentages of boreal shrubs and dwarf 
shrubs increased up to 37.5% mainly at the expense of AP (39–45%). 
This change in the pollen assemblage, indicating an opening of the 
landscape, a spread of tundra and a reduction of boreal forest vegeta-
tion, is dated to the cold Younger Dryas oscillation (Walker et al., 2009), 
which followed the relatively warm Allerød interstadial. Both these 
millennial-scale oscillations are well recognized in annual temperature 
(e.g. Fig. 10E) and summer precipitation (e.g. Fig. 10I) records from the 
Northern Hemisphere (NH) (Nakagawa et al., 2021) and in pollen re-
cords from the Eurasian mid-latitudes (e.g. Litt et al., 2009; Bezrukova 
et al., 2010; Tarasov et al., 2021). The discussion on the pre-
sence/absence of trees and forest vegetation across northern Eurasia 
during the YD has a long history (Khotinsky, 1977; Khotinsky and Kli-
manov, 1997; Tarasov et al., 2009b; Kossler, 2010). Evidence of 
directly-dated arboreal plant macrofossils from locations as far north as 
the Arctic circle (e.g. Binney et al., 2009; Müller et al., 2010), leaves no 
doubts that patchy forests, which developed already during the 
Bølling–Allerød interstadial, could survive the YD and allowed quick 
afforestation of Eurasia within the present-day forest zone in the Early 
Holocene (e.g. Binney et al., 2017). This conclusion is supported by the 
robustly dated pollen record from Lake Ochaul (Fig. 10A), which in-
dicates a forest-tundra landscape during the YD, suggesting that the 
climatic were sufficiently warm and humid. Drought-indicator taxa like 
Artemisia and Chenopodiaceae also do not show increase in pollen per-
centages and affinity scores of the steppe biome remain relatively low. 

5.1.2. Early Holocene (ca. 11,650–8000 cal yr BP) 
The onset of the Holocene interglacial is marked by a strong increase 

in AP percentages. This and the reconstructed dominance of the taiga 
biome indicate a rather quick spread of boreal trees, reflecting an in-
crease in air temperatures documented in an NH climate record from 
Greenland (Fig. 10E). The spread of fir, spruce and Siberian pine – boreal 
evergreen conifers with relatively high moisture requirements (Prentice 
et al., 1992, 1996) – suggests that water was not a limiting factor for tree 
growth during the Early Holocene between ca. 11,650 and 8000 cal yr 
BP. On the other hand, relatively high Artemisia pollen percentages and 
the increased scores of the steppe biome, which shifts to second place 
between taiga and tundra (Fig. 10B), likely indicate unstable and 

Fig. 10. Chart compilation showing (A) the pollen percentage distribution of 
tree, shrub and herb pollen, (B) the calculated biome scores for taiga (TAIG), 
tundra (TUND) and steppe (STEP), (C) the landscape openness index and (D) 
the Pediastrum algae concentrations from the Och18-II sediment core from Lake 
Ochaul (this study) and selected palaeoclimate data including (E) the NGRIP ice 
core δ18O record (after Svensson et al., 2008), the computed mean (F) July and 
(G) January insolation at 54◦N (after Laskar et al., 2004), (H) the reconstructed 
changes in relative global sea level (after Waelbroeck et al., 2002) and (I) the 
stalagmite δ18O record D4 from Dongge cave in China (after Yuan et al., 2004). 
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periodically or seasonally dry climate. Such climate could be a result of 
greater-than-present continentality associated with a 
lower-than-present global sea level (Fig. 10H), greater-than-present 
difference between summer and winter insolation (Fig. 10F and G) 
and presence of remnants of the ice sheets in the northern parts of 
Europe and North America. Compared to all other sections, fern spores 
appear at elevated numbers. A qualitative assessment of landscape 
openness, calculated as the difference between the maximal forest 
biome score (i.e. taiga) and the maximal open biome (i.e. tundra or 
steppe) score (Tarasov et al., 2013), shows a trend towards a more 
forested landscape but suggests a lower-than-present forest coverage 
and greater instability in the vegetation cover during the Early Holocene 
interval (Fig. 10A–C). Both general trends and the short-term peaks and 
troughs in the arboreal pollen percentages and in the taiga biome scores 
match seemingly well the oxygen isotope record of NH temperature 
(Fig. 10E), suggesting a link between Holocene rapid climate changes 
(Weninger et al., 2009) and the vegetation cover (and environments) in 
the area of Cis-Baikal. The most striking effect was caused by the cooling 
episode around 11,400 cal yr BP, known in the European records as 
Preboreal Oscillation (PBO; Khotinsky, 1977; Björck et al., 1997; Husum 
and Hald, 2002). Similar to the YD oscillation, it is assumed that the 
cause of this cooling was a disruption of the thermohaline circulation in 
the North Atlantic. Unlike the YD, the PBO is seldom recognized in 
pollen records from northern Eurasia due to its short duration (Björck 
et al., 1997; Rasmussen et al., 2007). Other Early Holocene cooling 
events, which can be clearly traced in the Lake Ochaul pollen record 
include those around 10,850, 10,250 and 9200 cal yr BP. The frequently 
discussed event around 8200–8000 cal yr BP (e.g. Alley and 
Ágústsdóttir, 2005) is weakly pronounced in the pollen record (Fig. 5) 
by small peaks in Poaceae and Artemisia and a drop in the total pollen 
concentration. 

5.1.3. Middle Holocene (ca. 8000–4200 cal yr BP) 
The Middle Holocene is marked by overall stable high AP percent-

ages and the lowest affinity scores of the tundra and steppe biomes, 
suggesting maximal spread of taiga forests in the region under relatively 
warm and moist climatic conditions that are often described as the 
“Holocene climate optimum”. Growing pollen percentages of Pinus syl-
vestris indicate a spread of Scots pine during this time and suggest further 
warming of the climate and a partial degradation of permafrost, which is 
an important factor limiting the growth of this species in Cis-Baikal 
(Shumilova, 1960). Notably, the shape of the AP percentage curve 
(Fig. 10A) closely resembles the NGRIP isotope record (Fig. 10E), which 
also indicates highest mean annual temperatures and minimum vari-
ability for the entire Holocene period. 

5.1.4. Late Holocene (ca. 4200 cal yr BP – present) 
The transition to the Late Holocene in the Ochaul pollen record is 

marked by a short-term increase in shrubby birch pollen percentages 
between ca. 4200 and 4000 cal yr BP. This peak, indicating cooling, 
chronologically matches the so-called 4.2-kyear BP event, which is 
regarded by some researchers as one of the most severe drought events 
of the Holocene epoch (e.g. deMenocal, 2001; Mayewski et al., 2004; 
Walker et al., 2012; Roland et al., 2014; Leipe et al., 2018) and defines 
the beginning of the current Meghalayan age (Head, 2019). This interval 
is characterized by a decreasing AP percentage trend and a slow increase 
in the pollen percentages of small shrubs and herbaceous plants, re-
flected in the growing scores of the tundra and steppe biomes. Although 
there are no obvious changes in the reconstructed landscape openness 
(Fig. 10C), due to an almost parallel increase in the steppe/tundra and 
taiga scores, the pollen assemblage composition demonstrates higher 
percentages for larch and Scots pine, which usually represent more open 
(i.e. light taiga) forests (Alpat’ev et al., 1976). This successive cooling of 
the Late Holocene climate is well visible in the isotope records from 
Greenland and China (Fig. 10E and I) and is often associated with the 
weakening of the summer insolation, particularly pronounced in the NH 

middle and high latitudes (Fig. 10F and G; Laskar et al., 2004; Leipe 
et al., 2018). 

5.2. Lake system evolution 

Based on the interpretation of sediment properties, geochemical 
analyses, as well as bioindicators the lake system evolution of Lake 
Ochaul is presented here. As Ti, K, Rb, Zr, and Si reflect minerogenic 
input to the lake (Kylander et al., 2011) and strongly correlate (Sup-
plemental Figs. S3 and S4) – as pointed out already for the core section 
that covers the LGM interval (Kobe et al., 2021) – this indicates detrital 
clay mineral input. Although the catchment of Lake Ochaul exhibits 
Ca-bearing sediments and thus Ca may originate from allogenic sources, 
we interpret the strong positive correlation between Ca and Sr as well as 
the negative correlation between Ca and detrital input (K, Ti, Rb; Sup-
plemental Fig. S4) as indication for a dominance of authigenic calcite 
formation within the lake. Furthermore, we interpret the strongly pos-
itive correlation between P and Ca as authigenic calcite precipitation 
that was mainly triggered biogenically. The geochemical and biological 
proxies prove limnic conditions throughout the period covered by the 
analysed core and anaerobic conditions near the lake floor. The latter is 
also suggested by the negative trend between calcite and pyrite (Sup-
plemental Fig. S4), indicating decomposition of organic matter that 
decreases the pH and causes a decrease in calcite-rain to the 
sediment-water interface (Dean, 1990). The Ca/Ti element mole ratio 
mirrors detrital input with low ratios representative of increasing 
detrital components. 

5.2.1. Lateglacial (ca. 13,500–11,650 cal yr BP) 
The Lateglacial part of the Och18-II core is represented by silty clay 

sediment, relatively low in organic content. The lowest TOC values (ca. 
5–8%) and highest Si content (ca. 15–30%) are registered in the 
bottommost part of the record prior to 12,800 cal yr BP. TOC increases 
to 10–16% and Si drops to below 10% during the YD. SiO2bio content is 
very low (<0.5%) during the entire interval, in line with the very few 
remains of diatoms in the sediment. In contrast to diatoms, green algae 
Botryococcus and Pediastrum demonstrate their highest concentrations 
during the Allerød and an abrupt reduction during the YD, which likely 
reflect changes in air and water temperature. 

The sedimentary elemental contents during the YD show a threefold 
structure of the YD with a decreasing detrital input together with 
increasing Ca and calcite contents between 12,660 and 12,250 cal yr BP. 
The following phase (ca. 12,250–12,000 cal yr BP) is marked by rela-
tively high calcite and P contents that are accompanied by low detrital 
input, which is reflected by higher Ca/Ti ratios together with low values 
for Ti, K, Rb, Zr and Si. Thus, this phase may be interpreted to represent 
warmer (summer) temperatures and increased calcite formation at 
higher (summer) productivity. After 12,000 cal yr BP the detrital input 
increases again and consequently calcite and P decrease, representing a 
lowered productivity in the lake. Around 11,650 cal yr BP this short 
interval ends with the transition to the Early Holocene. 

The ostracod assemblages show generally low valve numbers and 
species diversity. Limnocythere inopinata and Heterocypris salina are 
typical warm water species (Meisch, 2000; Fuhrmann, 2012). H. salina 
identified in the bottommost zone is a thermoeuryplastic species. It 
prefers water temperatures between 16 and 22 ◦C (Järvekülg, 1979) and 
its fossils are commonly found in interglacial and interstadial sediments 
(Fuhrmann, 2006, 2012). In the Lake Ochaul sediment it displays well 
the warm climate conditions of the Allerød interstadial. 

The ostracod species identified during the YD interval are often 
found on phytal substrate. Even though Candona candida can live in a 
wide range of aquatic habitats (e.g. Külköylüoğlu, 2004), the species is 
well adapted to cold climate conditions and often found in high quan-
tities in Lateglacial sediments (Carbonel et al., 1988; Fuhrmann et al., 
1997; Meisch, 2000; Fuhrmann, 2006). The water temperature prefer-
ence of Fabaeformiscandona hyalina is not clearly identified but it is also 
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often described as an oligothermophile species (Hiller, 1971). Cypri-
dopsis vidua is a polythermophile species, which prefers habitats with 
rich aquatic vegetation (Mbahinzireki et al., 1991). For example, in 
assemblages from Mondsee, C. vidua is usually found on Chara stems 
(Danielopol et al., 1993). Furthermore, this species has a wide tolerance 
range to changes in pH and salinity, but a very low tolerance for poorly 
oxygenated waters (Külköylüoğlu, 2000). The relatively low diversity (5 
species/sample) and the dominance of the oligothermophile species 
C. candida and F. hyalina fit well to the colder climate conditions of the 
YD. The high occurrences of C. vidua and the preferred habitat condi-
tions of the three dominating species point to a presence of aquatic 
vegetation and sufficiently high oxygen contents. 

The mollusc assemblage dated to the YD (ca. 12,230 cal yr BP) re-
veals three species of Gyraulus, which is the most abundant genus of 
gastropods in the Och18-II core. Members of this genus prefer standing 
or slowly flowing water and inhabit the shallow vegetated zone of a lake 
(Glöer, 2002, 2019; Welter-Schultes, 2012). Until recently, 
G. rossmaessleri was assumed to be only distributed in Europe (Vinarski 
et al., 2006). However, several studies demonstrated that this species 
was a member of the Siberian malacofauna during the Holocene (White 
et al., 2008; Makarchuk et al., 2020). G. rossmaessleri prefers cool waters 
and can be found in isolated temporary waters and ponds, swamps, wet 
meadows and floodplains, especially during spring (Glöer, 2002, 2019; 
Welter-Schultes, 2012; Antczak, 2014; Richling and Groh, 2014; 
Umbrecht and Bichain, 2018). On the other hand, G. albus found in the 
same sample does not tolerate the seasonal drying out of water bodies 
(Welter-Schultes, 2012). This and the absence of sedimentological or 
geochemical indications for a desiccation of Lake Ochaul during the 
entire YD (Kobe et al., 2021) likely indicate that G. cf. rossmaessleri 
specimens were transported into the deeper central part of the lake from 
surrounding floodplains or wet meadows. The YD sample also contains 
G. crista (G. crista cf. Cristatus?). G. crista prefers the vegetated littoral or 
even the shorelines of permanent lakes (Richardot-Coulet and 
Alfaro-Tejera, 1985; Glöer, 2002; Welter-Schultes, 2012; Spyra and 
Strzelec, 2013). Spyra and Strzelec (2013) found that the ribbed sub-
species G. crista cristatus is especially abundant on Typha remains, but 
also on Phragmites and Nuphar debris, suggesting that the vegetated lake 
margin was relatively close to the Och18-II coring site. 

5.2.2. Early Holocene (ca. 11,650–8000 cal yr BP) 
The Holocene onset in the Och18-II core is clearly marked by a 

transition to organic gyttja rich in mollusc and ostracod shells, indi-
cating a shift to warmer conditions. The Early Holocene interval reveals 
rather stable TIC values (7–10%) and increasing TOC values up to 16% 
around 10,000 cal yr BP. The geochemical record shows an increase in 
Ca (300 mg/g), almost negligible Si content, and lowest variability in all 
measured parameters. Green algae concentrations reveal a moderate 
increase and a greater variability, however, never reach the Allerød 
levels. Three distinct peaks in Pediastrum boryanum are registered at ca. 
11,200, 10,100 and 9400 cal yr BP, however, no clear correlation be-
tween the Och18-II Pediastrum record (Fig. 10D) and the NH tempera-
ture (Fig. 10E) and Asian summer monsoon variability (Fig. 10I) can be 
established, suggesting that a complex interplay of regional and local 
factors and internal processes drove the Lake Ochaul system evolution. 

In the ostracod assemblage, the polythermophile species Limnocy-
there inopinata (Meisch, 2000) predominates. It usually occurs in high 
numbers in warmer and calm waters with high sedimentation and 
detritus content and on a soft muddy bottom (Jungwirth, 1979). As a 
non-swimming, crawling species L. inopinata usually prefers the stag-
nant parts of lakes with a macrophyte debris-rich lake bottom (Meisch, 
2000; Szlauer-Łukaszewska, 2008). Darwinula stevensoni usually in-
habits the epilimnion of warm stagnant waters and as a viviparous 
species, it does not tolerate a complete freezing of lake bottom water 
(Fuhrmann, 2012). Although, D. stevensoni is widely distributed today, 
fossil occurrences of this meso-to polythermophile species (Yavu-
zatmaca and Külköylüoğlu, 2019) are mostly constrained to interglacial 

and interstadial sediments (Fuhrmann, 2006), which further supports 
warmer conditions during this interval. 

The Early Holocene sample dated to ca. 10,640 cal yr BP reveals the 
presence of the gastropod G. cf. rossmaessleri and the bivalve mollusc 
Pisidium nitidum. Species of Pisidium inhabit a broad range of freshwater 
environments (Zettler and Glöer, 2006; Welter-Schultes, 2012). Dussart 
(1979b) points out that the ecological requirements may vary strongly 
within the genus and even within the species P. nitidum in different 
geographical areas. P. nitidum lives in/on muddy substrate, tolerates 
eutrophic conditions but prefers oxygenated and clean waters (Wel-
ter-Schultes, 2012). This species occurs in vegetated lakes and in slowly 
flowing waters but avoids swamps and temporary water bodies as well 
as very cold environments (Dussart, 1979b; Zettler and Glöer, 2006; 
Welter-Schultes, 2012). 

5.2.3. Middle Holocene (ca. 8000–4200 cal yr BP) 
All analysed sediment properties and geochemical variables remain 

very stable during the entire Middle Holocene, suggesting a stable lake 
system. The TOC values vary around 8.5% and are slightly lower than 
during the Early Holocene. Green algae concentrations and aquatic and 
riparian plant taxa pollen and spore percentages are the lowest of the 
entire record, suggesting that the lake was at its deepest stage during this 
period. 

In the ostracod assemblages C. vidua became the dominant species 
after 8000 cal yr BP. In contrast to L. inopinata, C. vidua, as a good 
swimmer, is mostly found in association with water plants and algae in 
more turbulent, well-oxygenated environments (Scharf, 1988, 1998; 
Meisch, 2000). A shift from L. inopinata to C. vidua as the prevailing 
species was for example observed in the littoral zone of Lake Trasimeno 
(central Italy), where C. vidua dominated the assemblages of very 
shallow areas with high TOC content and high abundances of macro-
phytes and algae (Marchegiano et al., 2017), while L. inopinata domi-
nated the assemblages of slightly deeper environments. Based on these 
observations, the transition from L. inopinata to C. vidua-dominated as-
semblages in Lake Ochaul could indicate a progressive shallowing of the 
lake due to its filling with sediments after ca. 8000 cal yr BP. The trend 
of a decreasing Ca/Ti ratio and thus slightly increasing detrital input 
after 8000 cal yr BP may corroborate this interpretation of progressive 
shallowing. Another interpretation is a change in trophic conditions 
towards a reduction of macrophytes and algae and a slightly deeper 
environment at the coring site. The recorded drops in aquatic pollen 
percentages and in green algae concentrations ca. 8000–4000 years ago 
may support this interpretation. However, the occurrences of small 
quantities of F. fabaeformis ca. 6000–5000 cal yr BP indicate a rather 
shallow environment, as this species usually prefers shallow lake habi-
tats (Meisch, 2000). 

In one Middle Holocene sample (ca. 6530 cal yr BP), G. cf. laevis was 
identified along with species of the bivalve genera Sphaerium and Pisi-
dium. All these taxa often occur in the shallow and vegetated parts of 
lakes with meso-to eutrophic, but well oxygenated conditions (Glöer, 
2002; Welter-Schultes, 2012). G. cf. laevis is calciphile (Glöer, 2002) and 
indicates that the water chemistry in Lake Ochaul also favoured car-
bonate production as further supported by calcified charophyte remains 
and the green algae Phacotus (Supplemental Fig. S1) that are found in 
the Middle Holocene interval, when TIC and calcite show their highest 
values within the record. 

5.2.4. Late Holocene (ca. 4200 cal yr BP – present) 
With the onset of the Late Holocene the sediment analyses show a 

distinct increase in SiO2bio content, accompanied by an increase in 
water content and decrease in dry bulk density, both accompanied by an 
increase in TOC to its highest values (up to 28.3%). The green algae 
concentrations remain very low, but Myriophyllum shows its highest 
pollen percentages during this interval. 

A marked change in the ostracod assemblage occurred later, i.e. 
around 2070 cal yr BP. Since then, P. parallela? a taxon usually found on 
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muddy bottom substrate in the shallow littoral zone of small lakes 
(Meisch, 2000), appears in higher numbers, in comparison to the sam-
ples below. 

The Late Holocene interval is represented by two samples (ca. 1310 
and 980 cal yr BP) with identified mollusc remains. Among them, there 
are two bivalves, S. cf. Corneum and P. nitidum, and two gastropods, 
G. albus and V. cristata. G. albus tolerates a wide range of ecological 
conditions, but is usually encountered in standing or slowly flowing 
permanent waters. This mainly detritus feeding species lives on muddy 
substrates in the sublittoral of vegetated lake areas (Welter-Schultes, 
2012; Antczak, 2014). It was described as an indicator for relatively 
clear mesotrophic and unpolluted natural waters (Glöer, 2002; Antczak, 
2014), however, can tolerate highly polluted waters especially in respect 
to nitrogen content (Çabuk et al., 2004; Zeybek et al., 2012). The con-
trolling factor on the abundance of G. albus is the presence of an 
organic-rich muddy substrate (Dussart, 1979a; Glöer, 2002), which is 
the characteristic sediment in the upper part of the Och18-II core. 
V. cristata is a calciphile species, which also occurs in the shallow and 
vegetated parts of lakes with meso-to eutrophic, but well-oxygenated 
conditions (Glöer, 2002; Welter-Schultes, 2012). The bivalve species S. 
cf. Corneum and P. nitidum prefer similar habitats, although can also 
populate deeper parts of a lake (Welter-Schultes, 2012; Antczak, 2014). 
Thus, the ecological preferences of the identified species indicate a 
mesotrophic shallow lake with muddy vegetated bottom substrate and 
relatively warm and clean water. These shallowing conditions are 
corroborated by the sediment analyses that show increasingly lower 
Ca/Ti ratios that are accompanied by higher Si (quartz and SiO2bio), K 
and Rb contents. This trend accelerated from around 2200 cal yr BP and 
is reflected in increased pyrite, but decreased calcite, formation. 

Notable for the entire Och18-II record is the absence of characteristic 
deep-water fauna and that all identified taxa require vegetated habitats. 
Light availability is one of the most important factors controlling the 
abundance and composition of submersed macrophyte communities 
that can be linked to water depth (Barko et al., 1986). Najas and Pota-
mogeton seeds, Ceratophyllum debris and Myriopyhllum pollen were found 
throughout the analysed part of the core. The optimum water depth for 
the identified species usually does not exceed 3–4 m (Gross et al., 2003; 
Wersal and Madsen, 2011; Ye et al., 2018; He et al., 2019), except for 
Ceratophyllum which may also grow in deeper water (Gross et al., 2003; 
Ye et al., 2018). This implies that Lake Ochaul was not significantly 
deeper than today during the past 13,500 years. 

5.3. Natural environments and traces of human activities 

Along with climate change, human activities should not be neglected 
in the discussion of the factors which could influence changes in the 
pollen assemblages (e.g. Dimbleby, 1985). The area around Lake Ochaul 
has a very sparse population and small-scale agriculture and sedentary 
life style are mainly associated with settlers from European Russia, who 
arrived to the CIS-Baikal region in small numbers in the 17th century. 
However, the earliest evidence for human presence at the lake goes back 
to ca. 27,780–27,160 cal yr BP, based on the AMS-dated wild horse bone 
sample from the archaeological layers of the Ochaul site (Table 3). The 
pollen record from the Last Glacial Maximum section of the Och18-II 
sediment core reveals that NAP is, with over 90%, predominant in the 
pollen assemblages throughout this time interval, with the most abun-
dant taxa being grasses (up to 51%) and sedges (7–39%), followed by 
Brassicaceae, Asteraceae, Artemisia and other minor herbaceous taxa 
(Kobe et al., 2021). This productive herbaceous vegetation recon-
structed around the studied lake, but also for the larger region of Eastern 
Siberia (e.g. Bezrukova et al., 2010; Müller et al., 2010, 2014; Ashastina 
et al., 2018), attracted numerous large herbivores representing the Late 
Pleistocene mammoth fauna (Khenzykhenova et al., 2019; Kuznetsova 
et al., 2019) as well as their human predators (Tarasov et al., 2021). 
Further 14C dating of the animal bone material from the Ochaul site 
(Table 3) indicates discontinuous hunting activities during the 

Mesolithic (ca. 8850–8450 cal yr BP), Early, Middle and Late Neolithic 
(between ca. 6840 and 5490 cal yr BP) and the Iron Age (ca. 2120–1930 
cal yr BP). Apparently, the river valley and the lake shores covered with 
herbaceous and aquatic vegetation and birch trees remained attractive 
for roe deer, elk and red deer and for Holocene hunter-gatherers, who 
obviously continued living in the region even during the Middle 
Neolithic cultural “hiatus” (ca. 6660–6060 cal yr BP) that is 
well-documented in the Cis-Baikal archaeological records (e.g. Weber, 
2020). While the advantages of the landscapes around Lake Ochaul for 
prehistoric hunter-gatherers seem relatively clear, we do not know 
whether human activities affected the surrounding vegetation. The 95% 
probability ranges of the zooarchaeological dates correspond with the 
minor drops in the AP percentage curve; however, further detailed study 
on the charcoal particles in the archaeological layers may provide a 
better insight into the frequency of human occupations, while micro-
charcoal analysis of the Lake Ochaul sediment will furthermore help to 
reconstruct the history of forest fires in the area. 

The first evidence for agricultural activities in the Ochaul pollen 
record (Fig. 5) can be first seen in the sample dated to ca. 2580 cal yr BP, 
which reveals single Cerealia and Epilobium pollen grains, which could 
be an indicator of small-scale slash-and-burn farming. While plant 
cultivation near the lake is unlikely, the archaeological record from 
Trans-Baikal demonstrates the spread of agropastoral communities in 
the second part of the 1st millennium BCE (Kradin et al., 2021). Pollen 
grains of cereal plants (including Secale) together with pollen of hemp 
appear more frequently in the uppermost pollen zone, although the low 
concentrations point to a far-distant origin. 

6. Conclusions 

This study presents a detailed and continuous fossil pollen record and 
quantitative biome reconstruction results from Cis-Baikal covering the 
last ca. 13,500 years. Major pollen composition changes in the Lake 
Ochaul sediments coincide with temperature changes documented in ice 
cores from Greenland, proving that the constructed age-depth model is 
accurate and the obtained pollen data are suitable for a robust recon-
struction of postglacial vegetation dynamics around the lake and a dis-
cussion of the underlying climate changes. 

The ratios of tree, shrub and herbaceous pollen and the biome 
reconstruction demonstrate that during the Allerød interstadial the re-
gion around Lake Ochaul was dominated by sparse taiga forests. During 
the YD, cooling led to the spread of boreal shrubs and dwarf shrubs and a 
more open, tundra landscape, although trees did not disappear, but 
formed patchy forest stands in climatically favourable environments. 
This facilitated a rapid spread of forests at the onset of the Early Holo-
cene, although forest density was below modern levels until the Middle 
Holocene. The study region was probably characterized by seasonally 
dry climate, controlled by the interplay of higher insolation, lower 
global sea levels and remaining ice sheets in the North Atlantic region. 
After the Middle Holocene, during which the region saw thermal and 
moisture optimum conditions and a maximum spread of forests, the 
climate continuously cooled during the Late Holocene, paralleled by a 
trend towards slightly more open forest landscapes. In addition to these 
long-term trends, the pollen data also indicate several relatively short 
episodes of vegetation change, which coincide with short-term 
(centennial-scale) NH cooling/drying phases. This shows that the 
regional vegetation reacted sensitively to these climate oscillations. 

The obtained ostracod and mollusc records from the core sediment 
were shown to be suitable for reconstructing the evolution of the Lake 
Ochaul aquatic system. The data show lake level changes during the last 
13,500 years, but also indicate that the lake never dried out, not even 
during the YD. This suggests that the lake was an important source of 
water for herbivores and thus an important hunting ground for prehis-
toric hunter-gatherer groups perhaps since the Palaeolithic. As sug-
gested by 14C dates of zooarchaeological remains from the nearby 
archaeological site, hunter-gatherers were also present in the area 
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during the so-called cultural hiatus proposed for Cis-Baikal during the 
Middle Neolithic (ca. 6660–6060 cal yr BP). Our study highlights the 
great potential for future research involving systematic excavation of 
archaeological sites next to Lake Ochaul in combination with charcoal 
particle analysis of the lake sediment to gain detailed insights into 
human occupation and natural fire history during the Late Pleistoce-
ne–Holocene interval. 
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Mitteilung). Mauritiana 19, 427–438. 
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aus der Umgebung von Hamburg. Archiv für Hydrobiologie, Supplement-Band 40, 
400–497. 

Husum, K., Hald, M., 2002. Early Holocene cooling events in Malangenfjord and the 
adjoining shelf, north-east Norwegian Sea. Polar Res. 21, 267–274. 
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Oberhänsli, H., 2005. Quantitative reconstruction of the last interglacial vegetation 
and climate based on the pollen record from Lake Baikal, Russia. Clim. Dynam. 25, 
625–637. 

Tarasov, P.E., Bezrukova, E.V., Krivonogov, S.K., 2009a. Late Glacial and Holocene 
changes in vegetation cover and climate in southern Siberia derived from a 15 kyr 
long pollen record from Lake Kotokel. Clim. Past 5, 285–295. 

Tarasov, P., Müller, S., Andreev, A., Werner, K., Diekmann, B., 2009b. Younger Dryas 
Larix in eastern Siberia: a migrant or survivor? PAGES News 17, 122–123. 

Tarasov, P.E., Andreev, A.A., Anderson, P.M., Lozhkin, A.V., Leipe, C., Haltia, E., 
Nowaczyk, N.R., Wennrich, V., Brigham-Grette, J., Melles, M., 2013. A pollen-based 
biome reconstruction over the last 3.562 million years in the Far East Russian Arctic 
– new insights into climate–vegetation relationships at the regional scale. Clim. Past 
9, 2759–2775. 

Tarasov, P.E., Bezrukova, E.V., Müller, S., Kostrova, S.S., White, D., 2017. Chapter 2: 
climate and vegetation history. In: Losey, R.J., Nomokonova, T. (Eds.), Holocene 
Zooarchaeology of Cis-Baikal. Archaeology in China and East Asia 6. 
Nünnerich–Asmus Verlag & Media GmbH, Mainz, pp. 15–26. 

Tarasov, P.E., Ilyashuk, B.P., Leipe, C., Müller, S., Plessen, B., Hoelzmann, P., Kostrova, S. 
S., Bezrukova, E.V., Meyer, H., 2019. Insight into the Last Glacial Maximum climate 
and environments of southern Siberia: a case study from the Baikal region. Boreas 
48, 488–506. 

Tarasov, P.E., Leipe, C., Wagner, M., 2021. Environments during the spread of 
anatomically modern humans across Northern Asia 50-10 cal. kyr BP: what do we 
know and what would we like to know? Quat. Int. 596, 155–170. 

Umbrecht, K., Bichain, J.M., 2018. Redécouverte de Gyraulus rossmaessleri (Auerswald, 
1852) (Gastropoda, Planorbidae) en Alsace (France, Bas-Rhin). Bulletin de La Société 
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