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A B S T R A C T   

Climate seasonality critically influences the functioning and dynamics of ecosystems in continental areas. The 
ecological importance of winter temperatures on high-latitude vegetation changes has recently been argued to be 
largely overlooked in comparison to summer temperatures. The Oymyakon region from eastern Siberia, with its 
strong continentality of extremely cold winters and moderately warm summers, is ideally suited to study the 
response of past vegetation to seasonal temperature changes based on long ecological time-series. However, few 
paleorecords are available from this area. The history of regional glacial activity and potential plant refugia since 
Marine Isotope Stage (MIS) 3 is not well understood. Here, we present geochemical and plant DNA meta-
barcoding records retrieved from a sediment core from Lake Ulu in the Oymyakon region, which provides 
detailed information on glacier and vegetation dynamics over the last 43 cal. ka BP. Our results suggest that 
glacial fluctuations were primarily driven by summer insolation, and Lake Ulu was likely initiated by glacial 
retreat during MIS 3. The catchment experienced multiple glacial advance/retreat cycles until the Last Glacial 
Maximum, and the glaciers fully retreated by 20 cal. ka BP. In addition, a tundra-steppe landscape dominated by 
Dryas, Papaver, Saliceae, and Anthemideae occupied the catchment for most of the time and began to collapse 
around 19 cal. ka BP following the expansion of trees and shrubs such as Larix, Betula, Alnus, and Vaccinium. 
Postglacial plant assemblages in the Oymyakon region exhibit a high sensitivity to summer temperature varia-
tions, with minimal impact from winter temperatures. This can be explained by the dominance of summer 
insolation amplitude, extreme continentality, extended plant growing season, and plant genetic adaptation to 
cold. Notably, our ancient DNA record show the earliest postglacial expansion of larch in eastern Siberia (around 
18.6 cal. ka BP), which is likely related to the presence of local refugia. This implies that the Oymyakon region 
may be one of the earliest sources for larch recolonization and that more research should be implemented to 
provide insights into larch expansion and migration, and to better predict the future scenarios for Siberian larch 
forests.   

1. Introduction 

Temperature is increasing at unprecedented rates across most of the 
high-latitude regions (IPCC, 2023) mainly due to polar amplification 
(Miller et al., 2010). Climate seasonality, especially changes in summer 
and winter temperature, plays a critical role in influencing the 

functioning and dynamics of terrestrial ecosystems (Kwiecien et al., 
2022; White and Hastings, 2020). Contrasting patterns of summer and 
winter temperature changes at high latitudes have been found at orbital 
and suborbital scales, either in proxy data or climate models, which can 
be explained mainly by differences in seasonal trends of solar insolation 
(Kaufman and Broadman, 2023; Meyer et al., 2015). Currently, winter is 
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warming much faster than summer at latitudes above 50◦N (Xia et al., 
2014), consistent with increasing winter insolation in the late Holocene 
(Kaufman and Broadman, 2023). However, the ecological consequences 
of seasonally non-uniform changes in temperature are not yet fully 
understood. 

In recent years, a growing number of reviews and studies have 
emphasized that the importance of winter temperatures in altering 
spatial and temporal patterns of high-latitude vegetation has been 
largely underestimated (Cooper, 2014; Kreyling et al., 2019; Niittynen 
et al., 2020; Rapacz et al., 2014; Sanders-DeMott and Templer, 2017; 
Williams et al., 2015). Low winter temperatures can lead to physical and 
biological damage to plant cells (Griffith and Yaish, 2004) and changes 
in plant-community composition due to species-specific differences in 
physiological and genetic adaptations to seasonal temperature varia-
tions (Williams et al., 2015). Warm winters can result in shallower snow 
cover and higher soil temperatures, which can promote plant biomass 
and growth, but expose plants to additional frost damage and pathogen 
invasion (Cooper, 2014; Rapacz et al., 2014). On the other hand, sum-
mer temperature has long been recognized as a key factor in regulating 
changes in vegetation productivity and composition at high latitudes as 
summer is the peak season for plant photosynthesis and growth (Berner 
et al., 2020; Elmendorf et al., 2012; Zhang et al., 2022). In light of these 
contrasting arguments, understanding vegetation dynamics in relation 
to seasonal temperature variations based on long ecological time-series 

serves as a valuable reference for our assessment of terrestrial ecosystem 
development in a changing climate. 

Larix is a light- and warmth-demanding boreal tree taxon and its 
growth is sensitive to seasonal temperature changes. Different Larix 
species in the high latitudes of the Northern Hemisphere share a similar 
range of dominance at July temperatures of around 9–10 ◦C, but differ in 
their tolerance of low January temperatures, varying from − 8 ◦C to 
− 45 ◦C (Schulte et al., 2022a). Today, Larix is the most widespread and 
dominant taxon in eastern Eurasia (Herzschuh, 2020), but we still lack 
understanding of the past survival and distributional range of larch and 
its postglacial expansion and migration trajectories in eastern Siberia. 
For example, the low and intermittent occurrence of larch during the 
Last Glacial Maximum (LGM) in eastern Siberia has been captured by 
pollen, macrofossil, and a few ancient DNA records (reviewed by Schulte 
et al., 2022a), but such results may have been underestimated because of 
underrepresentation and poor preservation of Larix pollen (Niemeyer 
et al., 2015; Sjögren et al., 2008) and low abundance of macrofossils. 
Furthermore, previous studies argue that northern refugia have played 
an important role in supporting the dominance of Larix in Siberia since 
the LGM (Binney et al., 2009; Brubaker et al., 2005; Herzschuh, 2020; 
Lozhkin et al., 2018; Schulte et al., 2022a), but few glacial refugia have 
been reported from eastern Siberia. 

The Oymyakon Upland, located in the mountainous region of 
southern Yakutia, is known as the ‘Northern Pole of Cold’ and is one of 

Fig. 1. (A) Map showing the locations of Lake Ulu, Oymyakon, and other sites (purple points) mentioned in this paper, including (1) Lake Emanda (Schulte et al., 
2022b), (2) Lake Smorodinovoye (Anderson et al., 2002), and (3) Lake Ilirney (Vyse et al., 2020). Light blue shading shows the approximate location of the coastline 
during the Last Glacial Maximum (LGM) when sea level was 120 m lower than the present (generated based on Assis et al., 2018). (B) Map of the catchment area of 
Lake Ulu (white line). The white arrows point to the flow direction of current rivers. The dashed arrows point to the possible past flow direction of the Kyubyume 
River, which now flows northward to bypass the Lake Ulu catchment because of glacial dams formed during MIS 4 (Lozhkin et al., 2018). (C) The coring site of Lake 
Ulu (EN21103). Bathymetry was measured in 2021. (D) Morden climate data from Oymyakon meteorological station, showing the mean monthly temperature and 
precipitation (sourced from http://www.pogodaiklimat.ru). The dashed line denotes 0 ◦C. 
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the coldest areas of the Northern Hemisphere. One of the lowest air 
temperatures ever measured in the Northern Hemisphere (− 67.8 ◦C) 
was officially recorded in Oymaykon in 1933 (http://wmo.asu.edu/co 
ntent/asia-lowest-temperature). This region has an extremely conti-
nental climate and the highest temperature amplitude (Isaia, 2016), 
with an annual temperature range of more than 60 ◦C. The geo-
morphology was extensively modified by Late Quaternary glaciation, 
especially during the LGM (Barr and Clark, 2012). Modern vegetation is 
classified within the north taiga zone and Larix forests. This area is 
therefore ideally suited to study the dynamics of mountain glaciers and 
vegetation and their relationships to seasonal temperature changes, and 
to identify potential larch refugia. Few studies have been performed in 
the Oymyakon region to date and continuous paleoecological records at 
a high taxonomic resolution are still scarce. For example, Lozhkin et al. 
(2018) speculate that Larix forests may have established earlier than 
13.8 calibrated thousand years before the present (cal. ka BP) and 
expanded from local refugia based on the pollen data from Lake 
Tschuch’ye (Fig. 1B), but this record is restricted by the inherent limi-
tation of Larix pollen and relatively short time-series. 

Over the last two decades, sedimentary ancient DNA (sedaDNA) 
technologies has been successfully applied to uncover past changes in 
plant communities at multiple timescales (Dalén et al., 2023). Compared 
to fossil pollen, plant DNA from lake sediments is identifiable to a higher 
taxonomic resolution and provides local and catchment information on 
species composition (Alsos et al., 2018; Giguet-Covex et al., 2019; Jia 
et al., 2022). The P6 loop region of the chloroplast trnL (UAA) intron 
(Taberlet et al., 2007) is an optimal marker to maximize taxonomic 
resolution and diversity for vascular plants with appropriate reference 
databases and has been widely used by the community (Capo et al., 
2021; Garcés-Pastor et al., 2023; Liu et al., 2021; Revéret et al., 2023; 
Stoof-Leichsenring et al., 2020). In addition, previous studies show that 
this marker captures the Larix DNA signal well from lake sediments 
(Niemeyer et al., 2017; Sjögren et al., 2017). 

In this study, we present results of geochemical and plant DNA 
metabarcoding analyses of an 11-m-long sediment core covering 
approximately the last 43 cal. ka BP from Lake Ulu in the Oymyakon 
region. This paper aims (i) to reconstruct the history of glacial fluctua-
tions in the lake catchment; (ii) to understand whether long-term 
vegetation compositional changes were driven by variations in sum-
mer or winter temperatures; and (iii) to explore the timing of postglacial 
expansion in larch and its relationship to potential glacial refugia. 

2. Materials and methods 

2.1. Study region 

Lake Ulu (approximately 63◦20’− 63◦21′N and 141◦1’− 141◦5′E, 950 
m above sea level [a.s.l.]), a freshwater lake with a present-day pH of 7.6 
and an electrical conductivity of 73.4 μS cm− 1, is situated on the 
Oymyakon Upland (Fig. 1A) and the continuous permafrost zone of 
Siberia (Brown et al., 2002). The area of the lake is approximately 4.8 
km2, with a catchment of approximately 35.4 km2. According to a 
seismic profile of the lake bottom in 2021, the lake is deepest in the 
southeast, where the maximum depth is approximately 35–40 m 
(Fig. 1C). The lake is fed mainly by a river that originates in the southern 
mountains (above 1370 m a.s.l.) and drains into the Kyubyume River via 
Lake Tschuch’ye at its northwestern shore (Fig. 1B), which in turn flows 
east into the Indigirka River. The ice limit of Marine Isotope Stage (MIS) 
4 is identified in the northern mountains of the lake catchment (Ministry 
for Natural Resources and Ecology of the Russian Federation, 2014). 
Glacial (morainic) deposits are present across the catchment, which 
suggests that the area was broadly influenced by historical glacial ac-
tivity (Ministry for Natural Resources and Ecology of the Russian 
Federation, 2011, 2014; Lozhkin et al., 2018). 

Modern vegetation in the lake catchment is dominated by open larch 
forests (Larix cajanderi and Larix gmelinii; the name Larix cajanderi is not 

yet universally recognized and the classification of the two species is not 
very clear), which are dense on the mountain slopes and in the valley 
bottoms (Miesner et al., 2022). Understory shrubs are dominated by 
species of Ericaceae, Vaccinium vitis-idaea, and Salix. The ground is 
covered by mosses and lichen species along with dwarf shrubs such as 
Ericaceae and Vaccinium vitis-idaea. Modern meteorological records in 
Oymyakon (around 88 km from the lake, 800 m a.s.l.) give a mean 
annual temperature of − 14.9 ◦C, a mean January temperature of 
− 45.7 ◦C, a mean July temperature of 15.3 ◦C, and a mean annual 
precipitation of 218 mm (Fig. 1D; http://www.pogodaiklimat.ru), 
indicating an extremely cold and dry climate. 

2.2. Field work and core subsampling 

During August 2021, an 11-m-long sediment core (EN21103) was 
collected from the center of Lake Ulu at a water depth of 17.4 m (Fig. 1C) 
using the UWITEC 90 mm Hybrid piston coring system. Before coring, a 
coring site with around 11 m of continuous and undisturbed sediments 
was identified by performing parametrical sub-bottom profiling using an 
Innomar SES-2000 compact (Supplementary file S1; Wunderlich and 
Müller, 2003). During coring, coarse-grained sands were found at the 
bottom of the sediment core at a penetration depth of 11 m, indicating 
that the coring had likely reached the age of lake formation. A short core 
(EN21101-3, 15 cm) was also collected parallel to the long core using a 
UWITEC gravity corer. The short core was subsampled at 0.5-cm in-
tervals in the field, and the topmost surface sample (0− 0.5 cm) was 
radiocarbon (14C) dated to detect potential reservoir effects. All sedi-
ment segments were transferred and stored at 4 ◦C at Alfred Wegener 
Institute Helmholtz Centre for Polar and Marine Research (AWI) in 
Potsdam. 

Sediment segments were subsequently opened and subsampled in a 
cleaned and cooled laboratory (4 ◦C). The subsampling protocol was 
under strict hygienic rules to prevent contamination with modern DNA 
(see Epp et al., 2019 or Stoof-Leichsenring et al., 2022 for details). In 
total, 72 samples were collected for geochemical analyses. Seventy-one 
samples for sedaDNA analysis were taken from the interior of the sedi-
ment core and frozen at − 20 ◦C until DNA extraction, and each covered 
a 2-cm thickness of sediment. 

2.3. Geochemical analyses 

Freeze-dried and milled samples were analyzed for total carbon (TC), 
total organic carbon (TOC), total inorganic carbon (TIC), and total ni-
trogen (TN) at the Carbon and Nitrogen Laboratory of AWI in Potsdam. 
TC, TOC, and TIC were measured using a soli TOC cube (Elementar). TN 
was measured using a rapid MAX N exceed (Elementar). The minimum 
detectable concentration for natural sediment samples is 0.1% for both 
machines. Carbonate-free samples were processed for the determination 
of stable carbon isotope composition of organic matter (δ13Corg). The 
δ13Corg was measured using a Delta V Advantage Mass Spectrometer at 
the ISOLAB Facility of AWI in Potsdam. All isotopic values are reported 
in standard δ-notation in per mil (‰) relative to VPDB. 

Non-destructive X-ray fluorescence (XRF) scanning measurements 
on split long core surfaces were performed with an AvaaTech XRF core 
scanner at AWI in Potsdam. All elements were measured at X-ray volt-
ages of 10 kV and 30 kV and currents of 0.45 mA and 0.15 mA, 
respectively, with a step size of 0.5 cm and an exposure time of 10 s. The 
data are semiquantitative and provide relative fluctuations in the 
chemical element compositions as counts per second (cps). Raw element 
intensities were centered log-ratio (CLR) transformed and element ratios 
were additive log-ratio (ALR) transformed to reduce closed-sum effects 
(Croudace and Rothwell, 2015; Weltje and Tjallingii, 2008) using the clr 
and alr functions in the R-package compositions (van den Boogaart et al., 
2023). 
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2.4. Radiocarbon dating 

Due to the lack of observed terrestrial plant macrofossils in the core, 
the 14C dating was performed on the TOC content of 40 bulk sediment 
samples using accelerator mass spectrometry (AMS) at the MICADAS 
(Mini Carbon Dating System) Laboratory of AWI in Bremerhaven 
(Table 1; Mollenhauer et al., 2021). The age-depth model was based on 
the Bayesian method (Blaauw and Christen, 2011) and calibrated using 
the IntCal20 dataset (Reimer et al., 2020) via the Bacon function in the 
R-package rbacon (Blaauw et al., 2023). A reservoir effect of approxi-
mately 351 ± 24 14C years has been determined by the dated surface 
sample (0− 0.5 cm) from the short core. We assumed a constant 14C 
reservoir effect over time and therefore subtracted a value of 351 years 
from all 14C ages before calibration. 

2.5. SedaDNA analyses 

DNA extraction was carried out in the paleogenetic laboratories at 
AWI in Potsdam. Approximately 5 g of wet sediment was taken from the 
samples and processed using the DNeasy PowerMax Soil Kit (Qiagen), 
following the protocol of Zimmermann et al. (2017). One DNA extrac-
tion batch included 9 sediment samples and one extraction control 
(without sediment samples), and both were processed in the same way. 
DNA extracts from the samples were purified and concentrated using the 
GeneJET PCR Purification Kit (Thermo Scientific). PCR was performed 
with the “g” and “h” universal plant primers for the P6 loop region of the 
chloroplast trnL (UAA) intron (Taberlet et al., 2007). PCR setup followed 
the protocol of Baisheva et al. (2023). We produced three PCR replicates 
for sediment samples and DNA extraction controls and added a PCR 
negative template control (NTC) in each PCR replicate batch. After 
evaluation of PCR results via gel electrophoresis (2% agarose), PCR 
products were purified using the MinElute PCR Purification Kit (Qiagen) 
and pooled in equimolar concentrations. DNA concentrations of DNA 
extracts and purified PCR products were measured with the Qubit 4.0 
fluorometer (Invitrogen), and the results showed no obvious contami-
nation during the laboratory work. Library preparation and 
next-generation sequencing (2 × 150 bp) on the Illumina NextSeq 500 
platform were performed with two independent sequencing runs at 
Fasteris SA, Switzerland (Sequencing batches APMG-59 and APMG-62; 
https://www.ebi.ac.uk/ena/browser/view/PRJEB70434). The data 
from the two runs were merged into a single dataset for the final 
interpretation. 

Raw sequence data were processed by the OBITools3 package (Boyer 
et al., 2016; http://git.metabarcoding.org/obitools/obitools3; the tag 
files and script are available in Supplementary files S4 and S5), which 
includes illuminapairedend to align forward and reverse reads and then 
ngsfilter to assign the sequences to the PCR products based on their 
different tag combinations. We used obiuniq to merge duplicated se-
quences. The obiclean program was run with an r value of 0.05 to remove 
putative PCR or sequencing errors. Taxonomic assignments with ecotag 
were performed based on the ‘SibAla_2023’ customized reference 
database without a defined identity threshold. Basically, the 
‘SibAla_2023’ database has been compiled from the following steps 
(Courtin et al., 2024; in revision). (i) Taxa selection from a given region 
(55–90◦N, 50–150◦E and 40–90◦N, 150◦E− 140◦W) and taxa occur-
rences (>10) using the Global Biodiversity Information Facility (GBIF) 
resulting in 233 families, 1059 genera, and 4849 species. Crop plant taxa 
(e.g., potatoes and tomatoes) are excluded. (ii) Alignment between 
selected taxa and available P6 loop sequences from public databases (the 
Arctic-Boreal vascular plant and bryophyte database, Sønstebø et al., 
2010; Soininen et al., 2015; Willerslev et al., 2014; the European Mo-
lecular Biology Laboratory (EMBL) nucleotide database version 143, 
Kanz et al., 2005; the PhyloNorway database, Alsos et al., 2022). (iii) 
Quality filtering of selected P6 loop sequences. (iv) Preparation for use 
with ecotag. The ‘SibAla_2023’ database has a taxonomic coverage of 
95.7% (family level), 89.4% (genus level), and 70.1% (species level), 

Table 1 
AMS14C ages obtained from Lake Ulu sediment cores. Samples marked with 
asterisk are not included in the age model calculation.  

Lab ID Composite 
depth (cm) 

Dated 
material 

14C age 
(yr BP) 

Reservoir effect corrected 
and calibrated age (95% 
confidence interval; cal. yr 
BP) 

10442.1.1 0–0.5 TOC 351 ±
24 

– 

9255.1.1 15 TOC 2995 ±
52 

2546–2870 

10443.1.1 25 TOC 4052 ±
26 

3933–4145 

9256.1.1 35 TOC 6932 ±
53 

7425–7570 

10444.1.1 45 TOC 7975 ±
29 

8375–8510 

9257.1.1 55 TOC 10701 
± 55 

11950–12465 

10445.1.1 65 TOC 13278 
± 53 

15280–15620 

9258.1.1 75 TOC 14885 
± 59 

17450–17970 

10446.1.1 85 TOC 15023 
± 37 

17850–18160 

9259.1.1 95 TOC 15663 
± 60 

18310–18780 

10447.1.1* 113 TOC 12639 
± 51 

14070–14800 

9260.1.1 118 TOC 16840 
± 62 

19620–20110 

9261.1.1 138 TOC 19756 
± 69 

23110–23740 

10448.1.1* 150 TOC 16553 
± 72 

19390–19820 

9262.1.1* 158 TOC 35279 
± 164 

39680–40500 

10449.1.1* 210 TOC 27453 
± 101 

31060–31260 

10450.1.1* 256.5 TOC 37865 
± 301 

41760–42340 

9263.1.1* 276.5 TOC 36221 
± 180 

40640–41260 

10451.1.1* 302.5 TOC 35968 
± 241 

40240–41200 

10452.1.1 340.5 TOC 25704 
± 86 

29300–29920 

9264.1.1* 362.5 TOC 37765 
± 295 

41680–42320 

10453.1.1 378.5 TOC 27410 
± 101 

31060–31240 

10454.1.1* 428.5 TOC 29745 
± 124 

33680–34300 

9265.1.1* 443.5 TOC 32142 
± 126 

35820–36400 

9266.1.1* 483.5 TOC 39536 
± 361 

42400–43020 

10455.1.1* 512.5 TOC 23440 
± 69 

27240–27560 

9267.1.1* 560 TOC 37729 
± 211 

41800–42240 

10456.1.1 607 TOC 30982 
± 144 

34660–35320 

10457.1.1 675 TOC 29240 
± 120 

33000–33800 

9268.1.1* 701.5 TOC 20975 
± 54 

24650–25020 

10458.1.1* 733.5 TOC 28123 
± 107 

31380–31920 

9269.1.1* 781.5 TOC 34949 
± 160 

39340–40140 

10459.1.1 820.5 TOC 30576 
± 138 

34340–35040 

10460.1.1 882.5 TOC 39806 
± 378 

42440–43280 

9270.1.1* 910.5 TOC 28570 
± 91 

31860–32860 

(continued on next page) 
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compared to occurrences given by GBIF. Finally, the ‘SibAla_2023’ 
database includes a total of 4939 entries, comprising 3398 species, 947 
genera, and 223 families that collapse into 2371 unique P6 loop 
sequence types (amplicon sequence variants, ASVs). 

After running OBITools, we excluded the ASVs with less than 100% 
taxonomic identity. Non-metric multidimensional scaling (NMDS) 
analysis was subsequently performed via the metaMDS function in the R- 
package vegan (Oksanen et al., 2022) to check the PCR replicability of 
the samples and controls (Supplementary file S2). To estimate the 
taxonomic richness of terrestrial plants, the filtered data were subjected 
to rarefaction analysis (Birks and Line, 1992; the R code is available at 
https://doi.org/10.5281/zenodo.4562708) to a base count of 59,679 (i. 
e., the minimum count of a sample within the dataset). SedaDNA dia-
gram (Fig. 5) was zoned by a qualitative inspection of significant 
changes in vegetation composition, occurrence of indicator taxa, and 
richness. 

2.6. Statistical analyses 

To statistically relate the variation in vegetation composition to 
summer and winter temperature changes, redundancy analysis (RDA) 
was implemented based on the Hellinger-transformed sedaDNA rarefied 

counts using the RDA function in the R-package vegan (Oksanen et al., 
2022). RDA was chosen over canonical correspondence analysis because 
of the compositional gradient lengths of the sedaDNA data being <2.5 s. 
d. (standard deviation) as revealed by initial detrended correspondence 
analyses, indicating that linear-based ordination methods are appro-
priate with our dataset (Legendre and Birks, 2012). Considering that 
solar radiation is the primary forcing factor of temperature changes at 
orbital and suborbital scales (Bova et al., 2021; Laepple et al., 2011), 
mean summer and winter insolation at 63◦N (Laskar et al., 2004) has 
been used as a proxy to assess summer and winter temperature varia-
tions. Due to the short spring and autumn seasons at high latitudes 
(Cooper, 2014), summer and winter insolation are indicated by 
warm-season (May to October) and cold-season (November to April) 
insolation, respectively, in the RDA model. To identify correlations be-
tween variables, Pearson’s correlation analysis was run using the cor and 
corr.test functions in the R-package psych (Revelle, 2023). All statistical 
analyses were performed in RStudio (RStudio Team, 2020) with the R 
software (version 4.3.1; R Core Team, 2023). 

3. Results 

3.1. Core lithology and chronology 

Based on lithological variations, sediment core EN21103 can be 
divided into two main parts. The upper part of the core (0− 150 cm) is 
mainly composed of brown clay. The lower part (150− 1100 cm) consists 
of discontinuous rhythmically laminated sediments that alternate be-
tween gray and greenish-gray/brown layers (Fig. 2B), which are similar 
to varve (Zolitschka et al., 2015). The total number of gray layers was 
visually counted to be approximately 380, suggesting that the lower 
parts of the core may not be continuously varved sediments. 

The calibrated 14C ages lie in an overall steady sequence between 
0 and 138 cm (Fig. 2A). However, there is not a good linear relationship 
between depths and calibrated 14C ages from 138 to 1100 cm, where 
most samples have been dated to MIS 3 and show age reversals. Based on 
the four dated samples between 1000 and 1080 cm, the age of the 
bottom of the core is estimated to be approximately 43 cal. ka BP. Given 

Table 1 (continued ) 

Lab ID Composite 
depth (cm) 

Dated 
material 

14C age 
(yr BP) 

Reservoir effect corrected 
and calibrated age (95% 
confidence interval; cal. yr 
BP) 

10461.1.1* 940.5 TOC 29942 
± 127 

33900–34420 

9271.1.1 1000 TOC 38921 
± 235 

42280–42660 

9272.1.1 1020 TOC 37841 
± 298 

41760–42340 

9273.1.1 1060 TOC 39565 
± 255 

42480–42940 

9274.1.1 1080 TOC 37433 
± 203 

41520–42120  

Fig. 2. (A) Bacon age-depth model constructed for core EN21103 from calibrated radiocarbon ages. Our data interpretation is insensitive to the age-depth model of 
138–1100 cm, which was established based on the dating points that originated from pure greenish-gray/brown layer samples (green points) and four samples from 
the bottom of the core. The short gray band above the composite depth denotes the position of the sediment section shown in the plot B. (B) An example of rhythmical 
variations in the count of K (showing the same pattern as Ti, Al, Mg) and ratios of Zr/Rb and incoh/coh at 710− 1000 mm in the sediment segment ‘EN21103-3’. 
Compared to the greenish-gray layers, the gray layers have lower Zr/Rb ratios, higher incoh/coh ratios, and higher count of K. The dashed line denotes the position of 
XRF scanning detector. 
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the special lithological characteristics and the variability of other 
geochemical proxies from 150 to 1100 cm, the 14C signal of gray layer 
samples may have been disturbed by older material from glacial activity, 
while the dating results of the greenish-gray/brown layer samples may 
be more reliable (see discussion in Section 4.1). The final age-depth 
model was established with a hiatus at 138 cm, and the model of 
138–1100 cm was based on the dating points that originated from pure 
greenish-gray/brown layer samples and four samples with similar ages 
from the bottom of the core (Table 1 and Fig. 2). Our proxy data 
interpretation is insensitive to the age-depth model of 138–1100 cm 
(around 23.6− 43 cal. ka BP). The average sedimentation rate of 0–138 
cm and 138− 1100 cm is 0.006 cm year− 1 and 0.048 cm year− 1, 
respectively. 

3.2. Geochemical proxy records 

TC and TOC results show broadly similar changes and vary between 
0.458 and 6.003% (median 1.044%) and between 0.336 and 5.954% 
(median 0.921%), respectively (Fig. 3A and B). TC and TOC contents are 
relatively low (around 1%) and stable from 150 cm to the bottom and 
increase significantly in the upper 150 cm. A slight increase in TC and 
TOC contents is observed at 276.5− 520 cm (around 27− 33 cal. ka BP). 
Aside from some samples with undetectable values, the TN content 
(range 0.101–0.697%, median 0.138%) shows a similar pattern of 

variation as TC and TOC (Fig. 3C). TIC content is very low across the 
entire core, varying between 0.101 and 0.35% (median 0.141%, 
excluding undetectable values; Fig. 3E). Sedimentary organic matter in a 
lake generally originates from autochthonous and allochthonous sour-
ces, which can be distinguished by the ratio of TOC and TN (C/N). Lake 
Ulu generally has low C/N ratios (<10; Fig. 3F), suggesting that organic 
matter is mainly contributed by autochthonous input (Meyers, 2001). 
Fluctuations in δ13Corg values (range − 29.8 to − 23.3‰, median 
− 23.9‰) show a reverse trend to that of TC, TOC, and TN contents 
(Fig. 3D), where δ13Corg values in the upper 150 cm (average − 28.5‰) 
are relatively lighter than those in 150–1100 cm (average − 23.9‰). 
This means that organic matter is still mainly derived from within the 
lake (e.g., algae), but may be more terrestrial-sourced in the upper part 
of the core, and that TOC content can be used as a proxy to reflect the 
primary organic productivity of the lake (Leng and Marshall, 2004; Liu 
et al., 2009; Meyers, 2001). 

The incoherent/coherent (incoh/coh) ratio, an additional proxy for 
organic content (Croudace and Rothwell, 2015; Pedersen et al., 2016), 
shows a similar pattern of variation as TOC content (R = 0.8, p < 0.001, 
n = 72) and the Mn/Fe ratio (R = 0.37, p < 0.001, n = 2114; Fig. 4). The 
Zr/Rb ratio fluctuates more widely at 150− 1100 cm and has a negative 
correlation with TOC contents (R = − 0.57, p < 0.001, n = 72) and the 
incoh/coh ratio (R = − 0.30, p < 0.001, n = 2114). Notably, rhythmical 
variations in the XRF scanning data are observed in the lower laminated 

Fig. 3. (A) Total carbon (TC), (B) total organic carbon (TOC), (C) total nitrogen (TN), (D) organic carbon isotope (δ13Corg), (E) total inorganic carbon (TIC), and (F) 
the ratio of TOC and TN (C/N) variations versus composite depth of Lake Ulu. The yellow points denote undetectable values (<0.1%). TN values for these samples 
were replaced by 0.09 in the C/N calculation. The red dashed line denotes the ratio of C/N is equal to 10. 
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sediments (approximately 150–1100 cm; Fig. 2B). Compared to the 
greenish-gray/brown layers, the gray layers have lower Zr/Rb ratios but 
higher incoh/coh ratios and higher counts of some rock-forming ele-
ments, such as K, Ti, Al, and Mg, which are positively intercorrelated (R 
≥ 0.7, p < 0.001, n = 2114) and typically sourced from terrigenous 
sediment input (Croudace and Rothwell, 2015; Larson et al., 2015). 

3.3. Plant DNA metabarcoding 

In total, 563 ASVs have 100% sequence similarity with the 
‘SibAla_2023’ database. Of these, 440 sequences are assigned to terres-
trial seed plant taxa, and 36.8% and 48.6% of them could be identified to 
genus and species level, respectively (Supplementary file S6). Thirty-one 
sequences are assigned to aquatic plant taxa, and 32.3% and 64.5% of 
them could be identified to genus and species level, respectively 

Fig. 4. (A) The K/Ti ratio of Lake Ilirney (Vyse et al., 2020). (B) Warm-season (red line) and cold-season (blue line) solar insolation at 63◦N (Laskar et al., 2004). The 
records of Zr/Rb (B), Mn/Fe (C), incoh/coh (D), TOC (E), and aquatic plant abundance (F) from Lake Ulu. Glacial fluctuations indicated by the ratios of Zr/Rb (B). 
The vertical gray bar indicates the time period (around 43− 23.6 cal. ka BP) when the lake catchment was widely impacted by glacial advance/retreat cycles. The 
vertical pink bar indicates a short warm period (around 33− 27 cal. ka BP) and the white bar marks the LGM (around 23.6− 20 cal. ka BP). The vertical light blue bar 
indicates when the catchment was glacier-free (around 20 cal. ka BP to the present). 
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(Supplementary file S6). NMDS results show high similarity in taxo-
nomic composition among the three PCR replicates of each sample, 
except for slight variations in the top two samples (Supplementary file 
S2), and all controls were mostly free from any contamination. Sequence 
counts of DNA extraction controls and NTCs are 2% and 0.4% of the total 
counts, respectively. 

Terrestrial plant compositional changes inferred from the sedaDNA 
record are clearly divided into two main zones (Fig. 5). Zone I 
(approximately 1100− 138 cm, 43− 23.6 cal. ka BP) is dominated by 
Dryas, Papaver, Saliceae, and Anthemideae. Higher percentages of some 
alpine and mountain plants such as Oxyria digyna, Saxifraga, Draba, and 
Eritrichium are also found. Trees and shrubs (e.g., Populus, Alnus, Larix, 
Betula) are present at very low percentages. The plant assemblages are 
relatively stable with few taxonomic shifts. Total and rarefied richness 
are also stable and at a high level. Zone II (approximately 138− 0 cm, 
23.6− 0 cal. ka BP) is remarkable due to increased percentages of boreal 
trees and shrubs (e.g., Larix, Betula, Rhododendron, Vaccinium) along 
with a decline in richness. Such an unexpected pattern between richness 
and forest expansion has also been observed in the previous sedaDNA 
records (Courtin et al., 2021; Huang et al., 2021; Liu et al., 2021), which 

may be related to the loss of habitat and diversity of herbaceous plants, 
and needs to be evidenced by more studies in the future. Zone II can be 
further divided into three subzones. Zone IIa (approximately 138− 103 
cm, 23.6− 19 cal. ka BP) is notable for its decreased percentages of Dryas, 
Saliceae, and other alpine and mountain plants. Conversely, percentages 
of Anthemideae and Myosotis alpestris reach their highest level 
throughout the core but decline quickly alongside a gradual increase in 
the percentage of Saliceae. There is a slight increase in the percentage of 
Larix and Betula, but they still remain at a low level. Zone IIb (approx-
imately 103− 53 cm, 19− 11.3 cal. ka BP) shows a significant increase in 
the percentage of Larix, Betula, Populus, Alnus, and typical understory 
shrubs (e.g., Rhododendron tomentosum, Vaccinium vitis-idaea), while the 
percentages of Dryas, Papaver, and Anthemideae decreased. Larix 
expanded prior to Betula at approximately 18.6 cal. ka BP, whereas the 
latter expanded at approximately 17.8 cal. ka BP. A clear increase in the 
percentage of Alnus alnobetula is observed at approximately 15.4 cal. ka 
BP. Zone IIc (approximately 53− 0 cm, 11.3− 0 cal. ka BP) is notable for 
the further expansion of larch and understory shrubs, and the increased 
percentage of more wet- and shade-adapted herbaceous plants (e.g., 
Ranunculus, Empetrum nigrum). 

Fig. 5. Stratigraphic plot of sedimentary ancient DNA (sedaDNA) results with total richness (black dotted line) and rarefied richness (gray line) of terrestrial seed 
plant taxa and relative percentages of selected terrestrial plant taxa (with cumulative percentages >5%; shaded areas are 5 times exaggeration of scale), Callitriche 
hermaphroditica (aquatic plant), and trees in each sample. Two main sedaDNA zones and three subzones are shown. The second end panel shows the scores for the 
first axis of redundancy analysis (RDA1; black line) from Lake Ulu and compared with global sea level (purple dotted line; Spratt and Lisiecki, 2016) and warm-season 
(red line) and cold-season (blue line) solar insolation at 63◦N (Laskar et al., 2004). The last panel shows the Zr/Rb record from Lake Ulu, which indicates glacial 
fluctuations. 
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Aquatic plant communities are dominated by Plantaginaceae (i.e., 
Callitriche hermaphroditica) and Potamogetonaceae. The proportion of 
aquatic plant counts to total vascular plant counts remains at a very low 
level but shows a sharp increase at approximately 20 cal. ka BP (Fig. 4F). 
A large expansion of Callitriche hermaphroditica is synchronous with that 
of Larix from approximately 18.6 cal. ka BP (Fig. 5). 

3.4. Vegetation changes in relation to seasonal solar insolation 

The first two RDA axes explain 31% of the variance in the terrestrial 
plant DNA data (Fig. 6). Warm-season and cold-season insolation inde-
pendently explain 7.9% and 2.5% of the variation in terrestrial plant 
composition, respectively (p < 0.001; analysis of variance, ANOVA). A 
big shift from tundra-steppe assemblages dominated by Dryas, Papaver, 
and Anthemideae to boreal tree and shrub assemblages dominated by 
Larix, Betula, Alnus alnobetula, Rhododendron tomentosum, and Vaccinium 
vitis-idaea is observed at approximately 19 cal. ka BP, which is positively 
related to warm-season insolation and negatively related to cold-season 
insolation. 

4. Discussion 

4.1. Glacial activity and development of Lake Ulu 

Coarse-grain sands and the calibrated radiocarbon age at the core 
bottom (Table 1 and Fig. 2) show that Lake Ulu was likely initiated by 
glacial retreat during MIS 3. The Oymyakon Upland was extensively 
influenced by glacial activities originating from the southern Suntar- 
Khayata Mountains (Barr and Clark, 2012; Lozhkin et al., 2018), 
resulting in a complex dendritic drainage pattern and a broad distribu-
tion of glacial deposits (Ministry for Natural Resources and Ecology of 
the Russian Federation, 2011, 2014). The ice limit of MIS 4 in the 
mountains to the north of Lake Ulu (Ministry for Natural Resources and 
Ecology of the Russian Federation, 2014) suggests that glacial dams 
formed during MIS 4 might have altered the flow direction of the ancient 
Kobyuma River, which had previously flowed eastward via today’s 
Lakes Tschuch’ye and Ulu (Fig. 1B; Lozhkin et al., 2018), to now flow 
northwards, bypassing the Lake Ulu catchment. 

The Zr/Rb ratio can be used as a proxy for glacial fluctuations in the 
Lake Ulu catchment. Zr is enriched in heavy minerals and medium-to- 
coarse silts and sands (Dypvik and Harris, 2001). Rb, being chemically 
similar to K, is abundant in clay minerals dominated by fine-grained 
siliciclastic material (Biskaborn et al., 2013; Liu et al., 2014). In gen-
eral, glacial advance can enhance bedrock erosion that leads to 

Fig. 6. Redundancy analysis (RDA) showing the influence of warm-season (red line) and cold-season (blue line) solar insolation at 63◦N on the composition of all 
terrestrial plant taxa (A) and on age (unit: cal. ka BP) trajectories (B). Only dominant taxa (with relative percentages >1%) are marked in the biplot A. 
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increased transport of coarse-grained clastic material and eventually Zr 
input into the lake. In contrast, during glacial retreat, Rb that attaches to 
fine-grained particles could be transported into the lake by glaciofluvial 
runoff when the catchment experiences a lower erosion rate. Accord-
ingly, the Zr/Rb ratio is considered a proxy for glacial fluctuations with 
high ratios indicating glacial advance and vice versa (Liu et al., 2014). 
This is further verified by the good correlation between the Zr/Rb ratio 
of Lake Ulu and the K/Ti ratio of Lake Ilirney from Chukotka over the 
last 43 cal. ka BP (R = 0.45, p < 0.001, n = 4335; Fig. 1A and 4A), which 
was used as a proxy for physical weathering associated with glacial 
fluctuations (Vyse et al., 2020). In addition, the ability of the Zr/Rb ratio 
to represent glacial activity is supported by its rhythmical variation in 
the lower laminated sediments of Lake Ulu (around 150− 1100 cm). 
Gray layers exhibit lower Zr/Rb ratios, higher incoh/coh ratios (indi-
cating organic matter), and higher counts of rock-forming elements such 
as K, Ti, Al, and Mg (Fig. 2B). These characteristics may have formed 
during glacial retreat when more fine-grained and terrigenous materials 
would have been carried into the lake by increased fluvial runoff, 
resulting in an increase in lake organic productivity. Under this concept, 
glacial advance is reflected by increased transport of coarse-grained 
clastic materials (higher Zr/Rb ratios), decreased lake organic produc-
tivity (lower incoh/coh ratios), and weaker development of catchment 
runoff (lower counts of K, Ti, Al, Mg) in the greenish-gray/brown layers. 
Our hypothesis is further supported by elemental measurements of two 
defined gray layers and one intermediate greenish-gray layer in the core 
section between 376 and 381.5 cm (Supplementary file S3). The two 
gray layers have higher TOC contents and C/N ratios than the 
greenish-gray layer between them, while the opposite pattern is 
observed for TIC. Larger catchment areas and stronger runoff during 
glacial retreat likely carried old carbon into the lake and mixed it with 
carbon originating from in-situ bioproduction in younger sediments, 
thus interfering with the 14C signal. Hence, we speculate that the 
radiocarbon dating results in the lower part of the core may have been 
affected by glacial advance/retreat cycles in the catchment area, and the 
14C dating results of samples from the greenish-gray/brown layers are 
more likely to represent reliable age estimates. Based on this concept, 
only the dating points from pure greenish-gray/brown layer samples and 
four samples with similar ages from the bottom of the core were 
considered for the age-depth calculation (Table 1 and Fig. 2A). Never-
theless, such varve-like sediments from the lower part of the core need to 
be further studied by, for example, optical microscope analyses to obtain 
a better sedimentological archive in the future. 

The development of Lake Ulu since the middle of MIS 3 has been 
strongly influenced by glacial activity, which is primarily driven by 
variations in summer solar insolation. According to the Zr/Rb record, 
the lake catchment was likely covered by extensive glaciers and ice 
sheets for a long time and experienced multiple glacial advances and 
retreats between 43 and 23.6 cal. ka BP, which generally followed low 
warm-season insolation at 63◦N (Fig. 4B; Laskar et al., 2004). Due to 
cold climatic conditions, lake organic productivity was low, leading to 
relatively low TOC contents (and incoh/coh ratios) during this time 
(Fig. 4D and E), accompanied by long and possibly semi-permanent lake 
ice cover. Large parts of the soil were covered by widespread glaciers 
and ice sheets, limiting the development of vegetation and allowing the 
catchment to maintain a stable tundra-steppe landscape dominated by 
Dryas, Papaver, Saliceae, and Anthemideae (Fig. 5). The presence of 
glaciers is also indicated by low Mn/Fe ratios during this period 
(Fig. 4C), which suggests that the lake and its catchment were poorly 
ventilated, leading to anoxic conditions in the sediment, as Mn is more 
easily reduced than Fe under anoxic conditions (Naeher et al., 2013; 
Vyse et al., 2020). A short and discontinuous period of glacial retreat is 
inferred at approximately 33− 27 cal. ka BP, when the Zr/Rb ratios are 
relatively high but frequently fluctuate, indicating that the glacier has 
not fully retreated from the catchment, as is also evidenced by consis-
tently low Mn/Fe ratios. In addition, an increase in lake organic pro-
ductivity, as reflected by higher TOC contents and incoh/coh ratios, 

implies a possible warm scenario, which has also been reported in pre-
vious records from Siberia (Lake Ilirney, Vyse et al., 2020, Fig. 4A) and 
Alaska (Lapointe E. et al., 2017). The agreement of this short-term event 
with other studies further evidences the usability of the age-depth model 
we have established. A glacial retreat, marked by a pronounced reduc-
tion in the Zr/Rb ratio, is inferred to have occurred at approximately 
23.6− 20 cal. ka BP, following an increase in mean warm-season inso-
lation. Such a transition is also indicated by a gradual increase in lake 
organic productivity (TOC contents and incoh/coh ratios) and an 
obvious lithological change (i.e., a shift from laminated sediments to 
brown clay at 150 cm), suggesting a possible shift in the primary sedi-
ment source from coarse-grained glacial clastic material to fine-grained 
and organic-rich particles. This time period is considered the LGM, when 
the region experienced extremely low precipitation and snowfall (Clark 
et al., 2009), resulting in severe aridity and a decline in glacial volume in 
the lake catchment. The widespread lack of glaciation in the nearby 
Verkhoyansk Mountains during the LGM is thought to be due to insuf-
ficient moisture supply (Barr and Clark, 2012), as the Westerlies from 
the North Atlantic Ocean were restricted by vast ice sheets (Gowan et al., 
2021). This drought event is also reflected in our sedaDNA record by a 
significant decrease in the percentage of Dryas and Saliceae, accompa-
nied by elevated percentages of Papaver, Anthemideae (Asteraceae; Folk 
et al., 2020), and Myosotis alpestris (Schuchardt et al., 2021); plants that 
are more adapted to cold and drought. In addition, the continentality of 
the Oymyakon region was likely to be maximized during the LGM, 
which was coincident with the lowest global sea level (Fig. 5; Spratt and 
Lisiecki, 2016) and the largest ice volume in the Northern Hemisphere 
(Gowan et al., 2021), possibly resulting in even faster summer warming. 
We infer that the glacier fully retreated and reached its present volume 
at approximately 20 cal. ka BP, which is when the Zr/Rb ratio shows a 
further decrease and reaches a relatively stable plateau. The Mn/Fe 
ratios reach a peak at the same time, which suggests notable increases in 
lake ventilation due to the longer ice-free period. This is also evidenced 
by the expansion of aquatic plants starting at approximately 20 cal. ka 
BP in our sedaDNA record (Fig. 4F), which may be caused by increased 
summer temperature and lake water conductivity via fluvial runoff 
(Stoof-Leichsenring et al., 2022). A distinct glacial retreat at around 20 
cal. ka BP has also been reported in other records from eastern Siberia (e. 
g., Margold et al., 2016; Lake Ilirney, Vyse et al., 2020) and Alaska (e.g., 
Briner and Kaufman, 2008; Elias and Brigham-Grette, 2013), implying a 
regional-scale response of glacier volumes to temperature and moisture 
changes. The ice-cover period of the lake was further shortened after 20 
cal. ka BP, as shown by a fast increase in Mn/Fe ratios and aquatic plant 
abundance, which may be related to more extensive glacial retreat and 
summer warming (Stoof-Leichsenring et al., 2022). 

4.2. Vegetation dynamics in response to summer and winter temperature 
changes 

Overall, we infer from our analyses of the sedaDNA record that long- 
term vegetation dynamics since the middle of MIS 3 were highly sensi-
tive to summer rather than winter temperature changes, even in the 
Oymyakon region - one of the coldest areas of the Northern Hemisphere. 
To our knowledge, this is the first sedaDNA record from the Oymyakon 
region, with most of the previous studies on vegetation changes being 
based on pollen and macrofossil records (e.g., Anderson et al., 2002; 
Binney et al., 2009; Lozhkin et al., 2018). 

We expect that vegetation dynamics in the Oymyakon region might 
be more sensitive to changes in winter rather than summer tempera-
tures, because this area has been subjected to extremely cold winters and 
continental conditions, especially during the LGM, when the global sea 
level reached its lowest level in the last 43 ka BP (Fig. 5; Spratt and 
Lisiecki, 2016) and the Arctic coast was estimated to have been located 
approximately 600–900 km to the north of the present-day coastline 
(Fig. 1A; Anderson and Lozhkin, 2015). However, this assumption is not 
supported by our records. The sedaDNA results reveal that a 
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tundra-steppe landscape occurred during most of the time and started to 
collapse at the end of the LGM (around 19 cal. ka BP) following the 
expansion of trees and shrubs (Fig. 5), which corresponds to the timing 
of the glacial retreat and increased warm-season insolation. Such a big 
shift in terrestrial plant functional groups was not noted at approxi-
mately 23.6− 19 cal. ka BP, when cold-season insolation reached its 
highest level over the past 43 cal. ka BP. Likewise, RDA results suggest 
that the vegetation shift from tundra-steppe assemblages dominated by 
Dryas, Papaver, and Anthemideae (cold-adapted plants) to boreal tree 
and shrub assemblages dominated by Larix, Betula, Alnus, Rhododendron, 
and Vaccinium (warm-preferring plants) is positively related to varia-
tions in warm-season rather than cold-season insolation (Fig. 6). Vari-
ations in the score of RDA axis-1 are highly positively consistent with 
those of warm-season insolation (Fig. 5; R = 0.74, p < 0.001, n = 71). 
Sensitivity of vegetation dynamics to summer warming is also reflected 
in specific plant taxa. For example, green alder (Alnus alnobetula), whose 
growth is highly sensitive to temperature and light (Drew et al., 2023; 
Oberhuber et al., 2022), was abundant at approximately 15.4− 13.6 cal. 
ka BP, indicating significant climate warming. Such warming is most 
likely caused by an increase in warm-season insolation rather than 
cold-season insolation, which actually decreased over this period. Alder 
abundance began to decline from about 4 cal. ka BP following the 
summer cooling of the late Holocene. The large expansion of Larix at 
approximately 18.6 cal. ka BP is synchronous with that of Callitriche 
hermaphroditica, which is regarded as a good indicator of mean July 
temperatures above 12 ◦C (Kienast et al., 2005). Similarly, the reduction 
in Bistorta vivipara after approximately 18.6 cal. ka BP may be due to 
increased summer temperatures. As Bistorta vivipara has a fixed growth 
period, summer warming can advance, but not prolong, its growth 
period, making it less able to compete with other warm-season species 
(Cooper, 2014; Starr et al., 2001). 

We interpret the higher sensitivity of postglacial plant assemblages 
to summer temperature changes as mainly relating to (i) significant 
differences in the amplitudes between summer and winter insolation; 
(ii) the strong continentality of the Oymyakon region; and (iii) the 
lengthening of the plant growing season. The amplitude of warm-season 
insolation (16.67 W m− 2) is much higher than that of cold-season 
insolation (8.98 W m− 2) over the past 43 ka BP (Fig. 5), leading to the 
strong dominance of summer insolation in the variability of annual 
insolation and a highly consistent trend between summer and annual 
insolation (R = 0.95, p < 0.001, n = 44). Between about 23 and 18 ka BP, 
the increase in warm-season insolation of about 4.65 W m− 2 dominated 
over the cold-season insolation decrease of about 0.79 W m− 2. Signifi-
cant seasonality driven by such orbital forcing would result in higher 
temperature amplitudes between summer and winter months during the 
postglacial period, resulting in fast summer warming. The magnitude of 
this summer warming is likely to be even greater in the Oymyakon re-
gion due to the amplification of extreme continentality. On the other 
hand, an increase in summer temperature can result in an earlier spring 
snowmelt and a later winter snowfall, which lengthens plant growing 
season and thus advances plant phenological events. These processes 
can increase plant production and shape community structure (Erna-
kovich et al., 2014; Piao et al., 2019). Because variations in warm-season 
insolation far dominate over cold-season insolation, an extended 
growing season from increased summer temperatures may outweigh the 
negative effects of decreased winter temperatures after the LGM. 

Regional plants, such as Larix (Bondar et al., 2022), Populus, Betula 
(Chang et al., 2021), Ranunculus, and Poaceae (Gupta and Deswal, 
2014), generally carry cold adaptive genes and secrete antifreeze pro-
teins (Griffith and Yaish, 2004; Wisniewski et al., 2020), which allow 
them to survive even in extremely harsh winters. For example, the pri-
mary regulators of the transcriptional cold response network in higher 
plants are the CBF/DREB1 (C-repeat Binding 
Factor/Dehydration-Responsive Element-Binding protein 1) gene fam-
ily, which are widely homologous in woody angiosperms such as poplar 
and birch (Chang et al., 2021). These cold responsive processes could 

genetically make plants less sensitive to winter temperature changes. 

4.3. Potential glacial refugia and early postglacial expansion of larch 

Unexpected early expansion of Larix after the LGM (approximately 
18.6 cal. ka BP) in eastern Siberia has been uncovered by the sedaDNA 
record from Lake Ulu. Pollen record from Lake Smorodinovoye 
(Fig. 1A), also located in the Upper Indigirka Basin and 160 km north of 
Lake Ulu, show that the first postglacial appearance of Larix was at 
approximately 9.6 14C ka BP (Anderson et al., 2002). Hybridization 
capture of chloroplast and nuclear genomes and pollen results from Lake 
Emanda (Fig. 1A; 330 km northwest of Lake Ulu) reveal that the 
expansion of Larix started around 13− 9 cal. ka BP (Schulte et al., 
2022b). Other macrofossil and pollen records from eastern Siberia also 
suggest that the first occurrence of Larix was not earlier than 17 ka BP, 
and that larch forests grew across much of eastern Siberia until the 
beginning of the Holocene (Binney et al., 2009; Brubaker et al., 2005; 
Herzschuh et al., 2022; Lozhkin et al., 2018; Schulte et al., 2022b). We 
also notice that Larix pollen has been detected in a few records from 
eastern Siberia during the LGM, but either at very low abundances 
(<0.5%) or in rivers or streams, where the pollen may have been 
transported over long distances (e.g., Kirgirlakh Stream in the basin of 
Berelyekh River; Anderson and Lozhkin, 2002). Hence, our sedaDNA 
record show the possibility that larch survived within glacial refugia in 
the catchment of Lake Ulu and expanded quickly in situ after the LGM, 
rather than migrated from other regions. 

Our assumption that the existence of glacial refugia is supported by 
several results. First, if larch migrated from other regions, its first 
appearance and expansion should lag climate change by some time, 
because of dispersal rates and migration distances. However, if larch 
survived in local refugia, its first population increase could be nearly 
contemporaneous with the onset of climate warming (Brubaker et al., 
2005). There is a slight increase in the percentage of Larix at approxi-
mately 23.6− 19 cal. ka BP, which basically fits the initiation of glacial 
retreat and increased warm-season insolation (Fig. 5). In addition, Cal-
litriche hermaphroditica is a reliable indicator of mean July temperatures 
higher than 12 ◦C (Kienast et al., 2005), which coincides with the ideal 
summer growing temperature for Larix, especially for Larix cajanderi 
(Schulte et al., 2022a). Their simultaneous expansion at approximately 
18.6 cal. ka BP further suggests the existence of local refugia for larch. 
Second, Larix’s DNA is detectable across the entire core with high PCR 
repeatability (213 occurrences in 213 PCR replicates), even before 23.6 
cal. ka BP (at a low percentage), which differs from other tree taxa and 
has been further supported by our metagenomic results (unpublished 
data). This means that small patches of larch forest have always survived 
locally, even during the period when the catchment area was widely 
impacted by mountain glaciers. Third, the expansion of Betula lagged 
that of Larix by approximately 800–1000 years, which is an uncommon 
phenomenon because Betula is an early-successional pioneer taxon in the 
plant community (Jonczak et al., 2020). This also suggests that larch 
forests probably expanded in situ rather than from external migration. 
Larch can survive in harsh environments with a dwarfing growth mode 
and other morphological strategies (Kruse et al., 2020). Larix cajanderi is 
the most widespread species in the modern lake catchment and the most 
cold- and drought-tolerant species in the genus Larix. More importantly, 
this species can grow even on recently disturbed and poorly drained 
soils, for example, on extensive continuous permafrost with a very low 
active layer thickness (<1 m; Schulte et al., 2022a), which impedes the 
development of evergreen forests (Herzschuh et al., 2016). Fire has been 
considered as another factor to promote postglacial colonization of larch 
forests because they are morphologically and physiologically more 
resistant to frequent fire events in Siberia than evergreen trees (e.g., 
Abies and Picea; Schulte et al., 2022a; Schulze et al., 2012). Herzschuh 
(2020) also points out that larch had higher genetic diversity than 
evergreen taxa during the glacial period as they can exchange genetic 
information over long distances, which may give them more flexibility 
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to respond to postglacial warming. All these characteristics enable larch 
to quickly colonize poorly developed soils on the permafrost without 
competitors and to pioneer the establishment of deciduous boreal tree 
and shrub communities during the post-LGM warming. 

Glacial refugia in the Oymyakon region were unexpected and pre-
viously unnoticed, which challenges the current views on refugial lo-
cations. Potential refugia could also explain the surprisingly high 
number of ASVs (i.e., 563 ASVs with 100% identity) found in our met-
abarcoding data, which exceeds that of previous plant DNA meta-
barcoding studies from Siberia (e.g., Clarke et al., 2019; Courtin et al., 
2021; Huang et al., 2021; von Hippel et al., 2022). Mountainous regions 
have long been argued as hotspots of glacial refugia for cold-adapted 
and alpine plants, as continued moisture availability and complex 
topography offers a variety of microclimatic conditions and suitable 
habitats (Dobrowski, 2011; Schönswetter et al., 2005; Stewart et al., 
2010). We hypothesize that the putative refugia might be located in the 
deep valleys of the northern mountains that dammed the advance of 
glaciers from the southern Suntar-Khayata Mountains and possibly 
became a glacier-free area (Lozhkin et al., 2018). Today, dense larch 
forest can still be found in these places, and their DNA could probably be 
transported over shorter distances to the lake via mountain streams. The 
absence of glacial refugia around Lake Smorodinovoye and Lake 
Emanda may thus be explained by their relatively flat and homogenous 
catchment areas (Baumer et al., 2021). From this perspective, it is 
promising that more refugia might be found in the mountain ranges of 
the Oymyakon region and southern Yakutia, which requires more 
studies in the future. 

Our results imply that the past distribution of Larix and refugia may 
be underestimated in eastern Siberia, and the Oymyakon region may be 
one of the earliest sources for larch postglacial recolonization, which 
provides a new insight into the distances and rates of plant expansion 
and migration after the LGM. It is now realized that northern refugia 
have played a crucial role in the postglacial reforestation of Eurasia 
(Feurdean et al., 2013; Stewart et al., 2010), especially for larch forests 
(Herzschuh, 2020; Schulte et al., 2022a), but less attention has been paid 
to highland areas in general, and southern Yakutia in particular. To 
better predict future scenarios of Siberian larch forest responses to 
global warming, more systematic paleoecological studies based on 
sedaDNA analysis are proposed to produce more reliable estimates of 
past species ranges and their dispersal rates that can be applied in 
simulation models. Given the current fast warming in conjunction with 
permafrost thaw (Biskaborn et al., 2019) and frequent wildfires in 
Siberia (Ponomarev et al., 2016), we speculate that the dominance of 
larch forest will remain stable in the short term but their further 
expansion will likely be constrained by limited moisture availability 
(Berner et al., 2013). 

5. Conclusions 

Based on the geochemical and sedaDNA records from the sediment 
core of Lake Ulu covering the last 43 cal. ka BP, we draw the following 
conclusions.  

(i) Lake Ulu was likely initiated by glacial retreat during MIS 3. The 
Zr/Rb ratio can be used as a proxy for glacial activity in the lake 
catchment, which is primarily forced by variations in summer 
solar insolation. The catchment area has experienced multiple 
glacial advance/retreat cycles between 43 and 23.6 cal. ka BP, 
which limits vegetation development. The glacier retreated 
extensively from around 23.6 cal. ka BP and fully retreated from 
the catchment at around 20 cal. ka BP.  

(ii) Postglacial vegetation shifts from tundra-steppe assemblages to 
boreal tree and shrub assemblages were highly sensitive to 
summer rather than winter temperature changes, even in the 
Oymyakon region - one of the coldest areas of the Northern 
Hemisphere. This may be attributed to 1) the amplitude of 

summer insolation dominating over that of winter insolation; 2) 
the amplification of summer warming because of the extreme 
continentality of the Oymyakon region; and 3) the extension of 
the plant growing season. Cold adaptation of regional plants at 
the genetic level could be another important reason to consider.  

(iii) Our sedaDNA record show the earliest postglacial expansion of 
larch in eastern Siberia (around 18.6 cal. ka BP) to date, which is 
possibly related to the existence of local glacial refugia. This 
implies that the past distribution of Larix and refugia in eastern 
Siberia may be underestimated, and the Oymyakon region may 
be one of the earliest sources for postglacial larch recolonization. 
Further sedaDNA studies should focus more on the mountainous 
region of southern Yakutia to provide a fuller picture of larch 
expansion and migration and to help predict future dynamics of 
Siberian larch forest under the changing climate. 
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