
1. Introduction
The semi-arid regions of the eastern Eurasian Steppe and the Altai Region are highly sensitive towards 
climate change and are expected to increasingly experience drought conditions by rising temperatures dur-
ing the next decades (Batima et al., 2005; Dai, 2011). This sensitivity is mostly due to its continentality and 
complex climate forcing by the interplay of several large-scale atmospheric circulation patterns affecting 
moisture advection and precipitation variability (Aizen et al., 2001; D'Arrigo et al., 2000). While the cold 
and dry winter climate is controlled by the Siberian High, moisture and precipitation is mainly brought by 
the mid-latitude Westerlies and in the past to some extent by the low-latitude East Asian Summer Monsoon 
(EASM; Hoerling et al., 2001; Visbeck, 2002). However, the past evolution of those atmospheric circulation 
systems remains controversial, and little is known about their interactions and how they have affected 
climate variability in the region. Currently, paleoclimate information from the Altai Region is mainly de-
rived from pollen-based vegetation reconstructions that mostly show more extensive forests and boreal 
woodlands before ∼4 ka, and the dominance of steppe vegetation thereafter. This is generally interpreted 
to indicate warmer conditions with increased precipitation before ∼4 ka, followed by colder conditions 
with decreased precipitation (Blyakharchuk et al., 2007; Brugger et al., 2018; Rudaya et al., 2009). However, 
the expansion of grasslands and steppes after ∼4 ka BP could also be driven by intensified anthropogenic 
land-use, which is assumed to start with the introduction of mobile pastoralism from the Western Eurasian 
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is one of the most intriguing question, because former climatic conditions are poorly understood in this 
important but understudied region. To address this issue, we established a hydrological record for the last 
∼4.2 ka from a high-altitude lake in the Mongolian Altai. Our findings provide evidence of exceptionally 
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steppe regions during the Early Bronze Age (∼5 ka; de Barros Damgaard et al., 2018; Jeong et al., 2018). 
Nomadic population and pastoralism strongly expanded in the region during the Late Bronze Age between 
∼3.5 and 2.5 ka, which is linked to the introduction of horse-back riding and increased mobility (Taylor 
et al., 2019, 2020), and ultimately enabled the establishment of the famous Eurasian steppe empires of the 
Xiongnu (2.4–1.8 ka BP) and Mongols (0.8–0.3 ka BP; Honeychurch, 2013; Rogers, 2012). Increased live-
stock population and grazing during this time is indicated by coprophilous fungal spores, which grow on 
herbivore dung, and higher abundances of Artemisia (Brugger et al., 2018; Huang et al., 2018). However, 
climate-human-landscape interactions remain poorly understood, and one of the most intriguing questions 
is whether the rise and demise of nomadic empires had climatic reasons.

Therefore, novel and innovative proxies, that are more independent of anthropogenic land-use and land-cov-
er change, are needed to complement pollen-based reconstructions and to shed new light on the Late Hol-
ocene climate history of the eastern Eurasian Steppe and Altai Region. Biomarkers are molecular fossils 
that are usually well-preserved in lake sediments, and analyzing their isotopic composition allow direct 
paleohydrological reconstructions. Leaf waxes such as long-chain n-alkanes for instance mainly record the 
δ2H signal of precipitation (Häggi et al., 2019; Sachse et al., 2012; Strobel et al., 2020). Various fractionation 
processes along the pathway from the moisture source to the biosynthetic production of the leaf waxes can 
complicate the interpretation of leaf wax δ2H records, with evapotranspirative enrichment being particular-
ly relevant (Feakins & Sessions, 2010; Kahmen et al., 2013). However, for semi-arid Mongolia, we found that 
the apparent fractionation of n-C29 and n-C31, that is, the isotopic difference between precipitation and the 
investigated compounds, remains relatively constant in topsoils, and so, these leaf wax n-alkanes primarily 
reflect the isotopic composition of precipitation (Struck et al., 2020). On the other hand, shorter n-alkanes, 
that is, n-C23, are derived from aquatic plants (Ficken et al., 2000) and additionally record the evaporative 
enrichment of lake water. In semi-arid regions, like most parts of eastern Eurasia and the Altai Region, lakes 
are often endorheic and react highly sensitive to changes in precipitation/evaporation. Thus, the difference 
between aquatic versus terrestrial n-alkane δ2H values is a valuable indicator for changes in lake water 
evaporation and increased/decreased evaporation rates in the lake's catchment (Aichner et al., 2019; Mügler 
et al., 2008; Toney et al., 2020).

Here, we present the first continuous high-resolution compound-specific n-alkane isotope record for the 
eastern Eurasian Steppe and the Altai Region. We have analyzed a lake sediment core from Lake Khar Nuur 
in the Mongolian Altai that covers the past 4.2 ka. The lake is situated at high altitude (2,486 m a.s.l.), has 
a small catchment with steep slopes and a para-glacial origin. Within the core from Lake Khar Nuur, we 
aim at reconstructing (a) the isotopic composition of past precipitation during the Late Holocene using 
δ2H of leaf wax-derived n-C31 and (b) the evaporation history of the lake by additionally analyzing δ2H of 
the aquatic n-C23. A wide array of lake sediment proxies, including elemental composition, but also bulk 
δ13CTOC and δ15N, were used to describe and characterize the lake sediments in more detail, particularly to 
determine the lakes primary productivity that should mostly be temperature-driven in such a semi-arid and 
high-altitude environment.

2. Materials and Methods
2.1. Study Area

Lake Khar Nuur is a high-altitude lake situated at 2,486  m a.s.l. in the Mongolian Altai (48°37′22.9″N, 
88°56′42.5″E; Figure 1) and has a para-glacial origin. Glacial advances from the south-western slopes of 
the Tsengel Khairkhan Massif during the Last Glacial Maximum (probably marine isotope stages 4 and 
2; Gribenski et al., 2018) left prominent moraine lobes in the main valley and formed the endorheic Khar 
Nuur basin (Walther et al., 2017). The lake has a maximum water depth of 49.4 m and a relatively small 
hydrological catchment (44.8 km2) with steep slopes (Figure 1c; Strobel, Struck, et al., 2021). The geology of 
the catchment is mainly composed of friable black clay shales and granitic moraine deposits. Today's mean 
annual temperatures and precipitation at the nearest climate station Tolbo Sum (located ∼90 km southeast 
of Lake Khar Nuur at 2,100 m a.s.l) is −2.4°C and 145.1 mm (climate data from 2009 to 2017; DWD Climate 
Data Center, last access date: 09.06.2020). Because of the high altitude and the low mean annual tempera-
tures, the lake surface of Lake Khar Nuur is covered by ice for 8–9 month per year, which starts to thaw in 
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late June (Planet Team, last access date: 09.06.2020). For more information about the lake and its present 
spatial distribution of surface sediment compounds see Strobel, Struck, et al. (2021).

2.2. Sediment Core and Chronology

For this study, a 141 cm long gravity core was retrieved in 2018 from the deepest part of the Khar Nuur basin 
using an Uwitec gravity corer. The core was split and photographed at the Friedrich Schiller University Jena 
(see Text S1 in Supporting Information S1 for detailed lithostratigraphic information). One half was analyz-
ed for elemental composition by an X-ray fluorescence (XRF) core scanner (Avaatech) at 5 mm resolution 
at the Eawag Aquatic Institute, Switzerland. The other half of the core was subsampled at 1 cm intervals, 
freeze-dried and homogenized for further analyses. The chronology of the core is based on 14C-measure-
ments of twelve bulk organic carbon samples, eight aquatic macrofossil samples and one ostracod shell 
sample, carried out at the Laboratory for the Analysis of Radiocarbon with AMS (LARA AMS) of the Uni-
versity of Bern, Switzerland (Szidat et al., 2014; for detailed analytical and calibration information, see Text 
S1 in Supporting Information S1). Additionally, we 14C-dated one surface sediment bulk organic carbon 
sample and a modern water plant in a previous study (Strobel, Struck, et al., 2021) to account for possible 
terrestrial “pre-aging” and “hardwater” effects. The surface sediment bulk organic carbon sample gave a 
slight reservoir effect with a mean 14C-age of 129 ± 85 cal. BP (age range = [−7]–278 cal. BP [95.4%]), but 
no hardwater effect was indicated by modern 14C-ages of the modern water plant (see Text S1 and Table S1 
in Supporting Information S1 for 14C-results). Based on the 14C-dating results, Bayesian age modeling was 
applied using the Bacon 2.3.4 package in R (Blaauw & Christen, 2011) to establish an age-depth model that 
gives the timing of sediment deposition. The slight reservoir effect was subtracted from the bulk organic 
carbon 14C-ages during age-depth modeling. Since four bulk organic carbon samples gave ages that are too 
old and overestimate their “true” timing of deposition, we excluded them from the age-depth model in a 
second iteration.

2.3. Geochemical Analyses and Productivity Index

Geochemical analyses – namely XRF core scanning, CN analyses and their stable isotopes (δ13CTOC and 
δ15N) and biogenic silica (BiSi) – were carried out to characterize the lake sediment compounds (see Text S2 
in Supporting Information S1 for detailed analytical information and results) and compile the Productivity 

Figure 1. Overview of the study area. (a) Overview of the Altai Mountains with the major atmospheric circulation systems the Westerlies, the East Asian 
Summer Monsoon (EASM) and the Siberian High. Also displayed are changes in the North Atlantic Oscillation (NAO). The yellow star indicates the 
investigated site at Lake Khar Nuur. White dots refer to regional pollen records from the Altai: (1) Kanas Lake (Huang et al., 2018), (2) Hoton Nuur (Rudaya 
et al., 2009), (3) Tsambagarav ice core (Brugger et al., 2018), (4) Lake Grusha and (5) Lake Akkol (Blyakharchuk et al., 2007), (6) Lake Teletskoye (Rudaya 
et al., 2016), (7) Uvs Nuur basin (Rudaya et al., 2021) and (8) Bayan Nuur (Yang et al., 2020). (b) Picture of the southern part of Lake Khar Nuur and its 
catchment. (c) Slope map of the Khar Nuur catchment and lake bathymetry with the coring position indicated by the yellow star.
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Index (PI). For the calculation of the PI we performed a Z-transformation of the elemental ratio log (Ca/
Ti), N, TOC, δ13CTOC, δ15N and BiSi to normalize them and generate dimensionless values. The PI was then 
calculated as follows:

PI
Ca /Ti N TOC C N BiSiTOC


       log  13 15

6
 

2.4. Compound-Specific Biomarker δ2H Analyses

For biomarker analyses, free total lipids were extracted from sediments by Ultrasonic extraction with di-
chloromethane (DCM)/methanol (MeOH; 9:1, v/v) for 15 min at three cycles. The total lipid extract was 
separated over Aminopropyl pipette columns (Supleco, 45 μm) into fractions of different polarity. The apo-
lar fraction including the n-alkanes was eluted with hexane and further purified over coupled silver nitrate 
(AgNO3)—zeolite pipette columns due to coeluting compounds. Identification and quantification of the 
n-alkanes was carried out on an Agilent 7890B gas-chromatograph equipped with an Agilent HP5MS col-
umn (30 m, 320 μm, 0.25 μm film thickness) and a flame ionization detector, relative to external n-alkane 
standards (n-C21–n-C40). Compound-specific hydrogen isotopes of the n-alkanes were analyzed using an 
Isoprime visION isotope ratio mass spectrometer coupled via a GC5 pyrolysis-combustion interface to a gas 
chromatograph (Agilent 7890B). The GC5 operated in pyrolysis mode for the δ2H analyses with a chrome 
reactor at 1,050°C. Samples were injected splitless and measured as triplicates. The analytical precision was 
checked twice after six injections by certified external n-alkane standards with a known isotopic composi-
tion (Arndt Schimmelmann, University of Indiana). The H3+-correction factor was checked regularly and 
gave values of 4.12 ± 0.04. The hydrogen isotopic composition is given in its delta notation in permill, that 
is, as δ2H vs. the Vienna Standard Mean Ocean Water (VSMOW). Δaq-terr—the offset between the aquatic 
and terrestrial n-alkanes—followed the calculation of Aichner et al. (2019) and was calculated as follows:
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3. Results
The 141 cm long sediment core from Lake Khar Nuur consists of well laminated silty sediments (silt content 
is generally >75% and the median grain size only slightly varies between 2.4 and 12.2 μm) and is character-
ized by colors ranging from dominantly brown and blackish dark to blueish gray. Bayesian age modeling 
of Lake Khar Nuur sediments gave a modeled basal median age of 4.2 cal. ka BP (Figure 2a). Most 14C-ages 
are in stratigraphic order, except four ages at 90, 40, 30 and 20 cm sediment depth, that are slightly too old 
and overestimate their timing of sediment deposition (Figure 2a). In Figure 2b, the normalized and dimen-
sionless PI is additionally shown with the log (Ca/Ti) ratio because it was measured in higher resolution 
(0.5 cm) and agrees well with the PI. Both proxies show phases of increased productivity (higher values) 
which coincides with brown to blackish dark sediments, while reduced productivity (lower values) coin-
cides with blueish gray sediments (Figures 2a and 2b). Detailed lithostratigraphic and geochemical infor-
mation as well as 14C-data are provided as Text S1 and S2 in Supporting Information S1. Compound-specific 
δ2H values of the analyzed n-alkanes range from −226.3 ± 0.9 to −199.3 ± 1.4‰ for the terrestrial n-C31 and 
from −210.2 ± 1.8 to −136.9 ± 0.9‰ for the aquatic n-C23 (Figure 2c). The offset between the aquatic n-C23 
and the terrestrial n-C31 (Δaq-terr) ranges from −1.5 to 86.4‰ (Figure 2c).

4. Discussion
The laminated fine-grained silty sediments from Lake Khar Nuur encompass the past ∼4.2 cal. ka based on 
the modeled basal median 14C-age of 4.2 cal. ka BP (Figure 2a). Although dating semi-arid lake sediments 
can be complicated because terrestrial macrofossils are often absent and reworked old carbon can con-
tribute to the 14C-age, our dating approach of bulk organic carbon and aquatic macrofossil 14C-ages yield 
stratigraphic consistent ages that agree well with each other (more detailed information about the potential 
reservoir effects are given in Text S1 in Supporting Information S1).
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Lake sediment proxies that are ultimately compiled in the Productivity Index (PI) reveal phases of increased 
lake primary productivity in the brown and blackish dark sediments and reduced productivity in the blue-
ish gray sediments (Figures 2a and 2b and Text S2 in Supporting Information S1). Since PI and log (Ca/Ti) 
ratio agree well with each other, we will use and show the log (Ca/Ti) ratio exemplarily for interpretation 
because of the higher resolution (0.5 mm). Although it is notable that the used lake sediment proxies are 
also an indicator for allochthonous and autochthonous sedimentary sources (Strobel, Struck, et al., 2021), 
they mostly indicate variations in primary productivity of the high-altitude Lake Khar Nuur, that is mainly 
controlled by the growing season. Such a temperature dependency has been reported from high-latitude 
and high-altitude lakes (Mischke et al., 2010; Willemse & Törnqvist, 1999) because air temperatures control 
the duration of the ice cover and thus the open water growing season of aquatic producers. Therefore, pri-
mary productivity is strongly increased during warmer summers with higher air temperatures that results 
in longer ice-free periods and improved light conditions, gas exchange and circulation within the water 
body (Willemse & Törnqvist, 1999). Accordingly, higher growing season temperatures are indicated by high-
er values of the lake sediment proxies including the log (Ca/Ti) ratio in Lake Khar Nuur before ∼4.0 cal. ka 
BP, from ∼3.5 to 2.8 cal. ka BP and from ∼2.3 to 1.5 cal. ka BP. Lower growing season temperatures occur at 
∼3.5, ∼2.8 and ∼2.4 cal. ka BP, and during the last ∼1.5 cal. ka BP, as indicated by lower values (Figure 3b). 
Changes in growing season temperatures at Lake Khar Nuur seem to be driven by total solar irradiance 
(TSI). The two pronounced phases of increased growing season temperatures from ∼3.5 to 2.8 and ∼2.3 
to 1.5 cal. ka BP coincide with increased TSI (Steinhilber et al., 2012; Figures 3b and 3c). The phase of in-
creased growing season temperatures from ∼2.3 to 1.5 cal. ka BP includes the Roman Warm Period (RWP) 
that likewise appears as a warm period in our record. Colder conditions with reduced primary productivity 
due to increased ice periods occur at Lake Khar Nuur during minima in TSI. Abrupt changes to lower grow-
ing season temperatures coincide well with TSI minima at ∼3.5, ∼2.8 and ∼2.4 ka BP (Figures 3b and 3c). 
Substantially and long-lasting lower growing season temperatures at Lake Khar Nuur start at ∼1.5 cal. ka 
BP and agree well with the solar minimum that has been previously reported as a substantial cold phase 
in the Altai Region by tree rings and corresponds to the Late Antique Little Ice Age (LALIA; Büntgen 

Figure 2. Chronostratigraphy and depth profiles of Khar Nuur sediments. (a) Age-depth model of the Khar Nuur sediment core based on bulk organic carbon 
(OC), aquatic macrofossil and ostracod 14C-ages (see Text S1 and Table S1 in Supporting Information S1 for more details). (b) log (Ca/Ti) ratio and PI, which is 
a normalized and dimensionless ratio of the biogeochemical proxies log (Ca/Ti), TOC, N, δ13CTOC, δ15N and biogenic silica (BiSi). (c) Compound-specific δ2H of 
the terrestrial n-C31, the aquatic n-C23 and Δaq-terr, which is the offset between the aquatic and terrestrial n-alkanes.
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et al., 2016; Figures 3b–3d). Colder conditions prevail during the Medieval Climate Anomaly (MCA; ∼1.1–
0.8 ka BP) and the Little Ice Age (LIA; ∼0.8–0.1 ka BP) at Lake Khar Nuur. Colder conditions recorded in 
our record during the MCA are exceptional in the region since other regional paleorecords mostly report 
warmer conditions during this time (e.g., Uvs Nuur basin, Rudaya et al., 2021; Bayan Nuur, Yang et al., 2020; 
Lake Teletskoye, Rudaya et al., 2016). However, we have to emphasize that some uncertainties might exist in 
the upper 45 cm of the sediment core because of a potentially slightly increased “hardwater” effect during 

Figure 3. Late Holocene temperature and hydrological changes. (a) Late Holocene climate anomalies after Büntgen 
et al. (2016), LIA, Little Ice Age; MCA, Medieval Climate Anomaly; LALIA, Late Antique Little Ice Age; RWP, 
Roman Warm Period; and abrupt Holocene cooling events at 3.4, 2.8 and 2.4 ka BP. (b) log (Ca/Ti) ratio that reflects 
the productivity-based growing season temperature from Lake Khar Nuur. (c) Total solar irradiance (Steinhilber 
et al., 2012). (d) Reconstructed summer temperatures from the Altai (Büntgen et al., 2016). (e) Moisture availability and 
evaporation in the Khar Nuur catchment (Δaq-terr). (f) The North Atlantic Oscillation Index (NAO; Olsen et al., 2012). (g) 
Tsambagarav ice core pollen reconstruction (Brugger et al., 2018). (h) Accumulation of Bronze Age 14C-ages from burial 
mounds and monument constructions, modified after Huang et al. (2021) and Taylor et al. (2019, 2020, 2021).
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this time by longer ice periods (Figures 2a and 2b). Thus, considering dating- and modeling uncertainties, 
those sediments might also correspond to the LIA instead of the LALIA and MCA.

Distinct hydrological changes are recorded in the Khar Nuur sediments by compound-specific δ2H varia-
bility, which is on the order of ∼25‰ for the terrestrial n-C31 and ∼70‰ for the aquatic n-C23. While δ2H of 
n-C31 only show minor changes over the sediment core, δ2H of n-C23 is enriched below 105 cm (i.e., before 
∼3.2 cal. ka BP) and above 45 cm (i.e., after ∼1.5 cal. ka BP), and depleted inbetween (i.e., from ∼3.2 to 
∼1.5 cal. ka BP; Figure 2c; see Figure S3 in Supporting Information S1 for the age relationship of δ2H of 
n-C31 and n-C23). The different observed variabilities in δ2H of terrestrial and aquatic n-alkanes are due to 
the different water sources used for biosynthesis. δ2H of the terrestrial n-C31 mostly reflects the isotopic 
signal of the local growing season precipitation that becomes incorporated by the plant (Sachse et al., 2012). 
For semi-arid Eurasia, such a relationship was proven by the calibration study of Struck et al. (2020), and 
even suggested for the Khar Nuur catchment from topsoil and surface sediment samples by Strobel, Zech, 
et  al.  (2021). In contrast, δ2H of the aquatic n-C23 reflects the isotopic signal of the lake water (Sachse 
et al., 2004), and especially in endorheic semi-arid lakes, lake water is highly sensitive to changes in pre-
cipitation/evaporation. Lake water can therefore be strongly modulated by evaporative enrichment, which 
holds especially true for Lake Khar Nuur, where such a strong evaporative enrichment is shown by surface 
sediment samples (Strobel, Zech, et  al.,  2021). Consequently, the difference between the terrestrial and 
aquatic δ2H (Δaq-terr) is a valuable indicator for evaporative enrichment and more arid conditions in semi-ar-
id lakes and Lake Khar Nuur (Aichner et al., 2019; Mügler et al., 2008; Strobel, Zech, et al., 2021). The 
Δaq-terr is high before ∼3.7 cal. ka BP and very high from ∼1.5 to 0.5 cal. ka BP. In contrast, evaporation is 
low between ∼3.5 and 1.5 cal. ka BP, indicating wetter conditions in the Khar Nuur catchment (Figure 3e). 
Those wetter conditions and decreased evaporation rates in the Khar Nuur catchment correspond well with 
a negative phase of the North Atlantic Oscillation (NAO) during this time (Figures 3e and 3f). The position 
of the NAO influences the strength and direction of the Westerlies (Olsen et al., 2012) and it was suggested 
that precipitation availability in the eastern Eurasian Steppe and the Altai Region is mainly supplied during 
negative NAO phases. During a negative NAO, the Westerlies are migrated southward and bring increased 
winter precipitation to the region from the southern part of the North Atlantic and the Mediterranean Sea 
(Lan et al., 2021). This inverse relationship of increased winter precipitation during negative NAO phases 
was suggested by modeled modern air mass trajectories by Wolff et al. (2017), but also suggested for the 
past ∼4 ka for the Tienshan Mountains (Lan et al., 2020), the Siberian Altai (Aizen et al., 2001) and central 
Mongolia (Yang et al., 2020). Dryer conditions and strongly increased evaporation rates in the Khar Nuur 
catchment after ∼1.5 cal. ka BP correspond to a positive NAO phase where the Westerlies have migrated 
northward and probably supply moisture to southern Siberia and the Russian Plain but not to the Altai Re-
gion (Feurdean et al., 2019; Wang & Feng, 2013; Figure 3f). However, we have to mention that precipitation 
at our site is not neccessary solely brought by the Westerlies, precipitation can also be derived from local 
sources in the lowlands during convective events.

Compared to the existing paleoclimate records in the Altai Region that are mostly based on pollen records, 
warmer and wetter conditions as indicated by our record from ∼3.5 to 1.5 cal. ka BP partly disagrees with 
previous investigations (Figures 3b and 3e). Overall, existing paleoclimate studies draw a diverse picture of 
the Late Holocene climate. A successive drying trend since ∼4 ka BP is suggested by the regional moisture 
index of Wang and Feng (2013), and a decline of forest pollen and expansion of herbaceous steppe vegeta-
tion since ∼4 ka BP was reported for example from the Tsambagarav ice core (Brugger et al., 2018), Hoton 
Nuur (Rudaya et al., 2009), Lake Akkol and Grusha (Blyakharchuk et al., 2007) and Lake Kanas (Huang 
et al., 2018; Figure 3g; see Figure 1 for locations). In contrast, Klinge and Sauer (2019) suggested in their 
extensive review a change to wetter conditions in some records at ∼3 ka, which is supported by warmer 
conditions and forest expansion at Lake Teletskoye (Rudaya et al., 2016) and in the near surroundings to 
our record in the Dayan Nuur region (Unkelbach et al., 2019). However, several studies also pointed out 
that especially since ∼3 ka anthropogenic land-use might have played an important role in landscape shap-
ing. Declining forest pollen are often accompanied by higher abundances of the fungi spores Coprophilous 
and Sporormiella that grow on herbivore dung (Brugger et al., 2018; Unkelbach et al., 2019), but also by 
higher abundances of Artemisia which are interpreted as a result of forest clearing and overgrazing (Fowell 
et al., 2003; Huang et al., 2018; Tian et al., 2013).
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Therefore, differences between some pollen reconstructions and our more independent isotope-based re-
constructions might be due to the beginning of anthropogenic activity in the region. Especially the pro-
nounced period of warm and wet conditions between ∼3.5 and 2.8 cal. ka BP falls into a period where sub-
stantial economic and societal transitions took place in the eastern Eurasian Steppe and Altai Region. While 
migration of early pastoralists into the region took place during the Early Bronze Age ∼5.3 ka BP (de Barros 
Damgaard et al., 2018; Huang et al., 2021; Jeong et al., 2018), 14C-ages of burial mounds and monument 
constructions mostly accumulate during the Late Bronze Age from ∼3.2 to 2.8 ka BP (Taylor et al., 2019; 
Figure 3h). At the same time, horses became important for mobility, diet and ritual assemblages at ∼3.2 ka 
BP, which might have resulted in a widespread population dispersal in the region (Taylor et al., 2020). Only 
recently, Taylor et al. (2021) found evidence that early pastoralists were present in the surroundings of our 
study area at the northern slopes of the Tsengel Khairkhan Massif at the end of the 4th and beginning of 
the 3rd millennium BP. Therefore, we suggest that pronounced warm and wet conditions between ∼3.5 and 
2.8 cal. ka BP might have favored the widespread dispersal of mobile horse-borne pastoralism in the Altai 
Region and across the eastern Eurasian Steppe.

5. Conclusions
Our study present the first continuous high-resolution compound-specific n-alkane isotope record for the 
eastern Eurasian Steppe and the Altai Region. Our 4.2 ka paleoclimate record gave the following results:

1.  Lake sediment proxies ultimately compiled in the Productivity index reveal alternating phases of in-
creased and decreased lake primary productivity, which is mostly controlled by the growing season tem-
peratures and the duration of ice cover in the high-altitude Lake Khar Nuur. Higher growing season 
temperatures occur before ∼4.0 cal. ka BP, from ∼3.5 to 2.8 cal. ka BP and from ∼2.3 to 1.5 cal. ka BP, 
whereas temperatures are low at ∼3.5, ∼2.8 and ∼2.4 cal. ka BP, and during the last ∼1.5 cal. ka BP. 
Growing season temperatures and the duration of ice cover are mainly driven by total solar irradiance.

2.  Distinct hydrological differences are recorded by compound-specific δ2H of terrestrial (n-C31) and aquat-
ic (n-C23) alkanes. The Δaq-terr, which is the offset between the terrestrial and aquatic δ2H and our indica-
tor for evaporative enrichment and more arid conditions, indicate that evaporation is high in the Khar 
Nuur catchment before ∼3.7 cal. ka BP and from ∼1.5 to 0.5 cal. ka BP. In contrast, evaporation is low 
from ∼3.5 to 1.6 cal. ka BP, which is mostly due to increased precipitation and a greater moisture availa-
bility during a negative NAO phase.

3.  The two pronounced phases of warmer and wetter conditions in our record from ∼3.5 to 2.8 cal. ka BP 
and from ∼2.3 to 1.5 cal. ka BP are exceptional in the eastern Eurasian Steppe and the Altai Region, 
and especially the former phase falls into a period where mobile nomadic pastoralism become widely 
dispersed into the region. We therefore suggest that this widespread dispersal might be favored by those 
pronounced warm and humid conditions during the Late Holocene at ∼3 ka.

Data Availability Statement
The data used in this study were published open access by Bliedtner et al. (2021) and are available on PAN-
GAEA via https://doi.org/10.1594/PANGAEA.936512.
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