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Abstract 

We present a pollen record for last 28 cal kyr BP from the eastern basin of Lake Karakul, the 

largest lake in Tajikistan, located in the eastern Pamir Mountains at 3915 m asl, a geographically 

complex region.  The pollen record is dominated by Artemisia and Chenopodiaceae, while other 

taxa, apart from Poaceae, are present in low quantities and rarely exceed 5% in total. Arboreal 

pollen occur predominantly from ~28 to ~13 cal kyr BP, but as likely no trees occurred in the 

high mountain regions of the eastern Pamir during this time due to the high altitude and cold 

climate, arboreal taxa are attributed to long distance transport, probably by the Westerlies, the 

dominant atmospheric circulation. Tree pollen influx decreases strongly after ~13 cal kyr BP, 

allowing the pollen spectra to be interpreted as a regional vegetation signal. We infer that from 

27.6 to 19.4 cal kyr BP the eastern Pamir was dominated by dry mountain steppe with low 

vegetation cover, while from 19.0 to 13.6 cal kyr BP Artemisia values increase and 
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Chenopodiaceae, most herb taxa, and inferred far distant input from arboreal taxa decrease. 

Between 12.9 and 6.7 cal kyr BP open steppe vegetation dominated with maximum values in 

Ephedra, and while steppe taxa still dominated the spectra from 5.4 to 1 cal kyr BP, meadow taxa 

start to increase. During the last millennium, alpine steppe and alpine meadows expanded and a 

weak human influence can be ascertained from the increase of Asteraceae and the occurrence of 

Plantago pollen in the spectra.  

 

Keywords: arid Central Asia; high Asia; palynology; vegetation reconstruction; lake sediments 

 

 

1. Introduction 

 

The magnitude of temperature and precipitation changes in the course of global climate 

change is projected to vary regionally (Pachauri et al., 2014). Mountain areas, including the 

Central Asian mountain regions, are among those which are expected to be relatively strongly 

affected (Lioubimtseva and Henebry, 2009; Pachauri et al., 2014). Climate change in this region 

is reflected by the increased melt of glaciers (Immerzeel et al., 2010; Makhmadaliev et al., 2008), 

increased temperature, changes in evaporation, and shifts in precipitation patterns (Barnett et al., 

2005; Lutz et al., 2014). Whether these phenomena entail vegetation changes or whether 

vegetation is more responsive to human impact is rather uncertain as long-term observational 

time-series are lacking.  

Characterizing vegetation responses to past climate change may help us understand better 

the ongoing and future vegetation change. Lake sediments are best suited to record environmental 

change on millennial time-scales as they preserve pollen assemblages, which are known to be a 

reliable proxy of regional terrestrial vegetation (Birks and Birks, 1980; Cohen, 2003). 

Palaeovegetation studies from the Central Asian high mountains, i.e. the Tien Shan, Karakorum, 

and Pamir Mountains, are few (Huang et al., 2014; Lauterbach et al., 2014; Mathis et al., 2014; 

Tang et al., 2011; Wang et al., 2013). Mathis et al. (2014), for example, reported a dominance of 

steppe vegetation with more humid phases and regional tree development from 8.3 to 4.5 cal kyr 

BP (calibrated thousands of years before 1950 AD), and decreasing arboreal pollen due to drier 

conditions from 4.5 to 2.0 cal kyr BP. More records are available from the western Tibetan 
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Plateau, e.g. Bangong Co (Gasse et al., 1996; Van Campo et al., 1996); Sumxi Co (Gasse et al., 

1991)), the Central Asian lowlands (e.g. Aral Sea (Sorrel et al., 2007); Lake Balkhash (Feng et 

al., 2013), Lake Manas (Rhodes et al., 1996); Lake Boston (Huang et al., 2009), Wulungu Lake 

(Liu et al., 2008), Kashgar oasis (Zhao et al., 2012), or the lowlands to the west of the Central 

Asian high mountains, e.g. Lake Van (Litt et al., 2009, 2014; Wick et al., 2003), although the 

vegetation histories there seem to differ from the Central Asian high mountains. For example, on 

the western Tibetan Plateau in the Bangong Co basin, Van Campo et al. (1996) inferred 

predominantly desert vegetation from 9.9 to 9.5 kyr BP, more steppe-like vegetation from 9.5 to 

6.2 kyr BP interrupted by dry spells, for example around 7.7 kyr BP, and a return to more arid 

conditions from 6.2 kyr BP onward. At Lake Van in Turkey, Litt et al. (2009) reconstructed semi-

desert steppe vegetation from 20 to 14.5 kyr BP and semi-desert with a slight increase in tree 

pollen from 14.5 until 12.7 kyr BP. During the Younger Dryas, Artemisia and Chenopodiaceae 

increased until the beginning of the Holocene, when, due to increased moisture availability, 

desert taxa rapidly decreased and grass-steppe and arboreal taxa increased until approximately 6 

kyr BP. After ~3.8 kyr BP human influence increased, as reflected by increasing Plantago and 

Cerealia and decreasing Quercus pollen percentages.  

Studies in the central Asia reflect a very diverse vegetation history, although the spatial 

density remains extremely low in the Central Asian high mountains, hindering the spatiotemporal 

reconstruction of past vegetation and thus changes in past climate. The aim of this study is to 

establish a vegetation record that reaches back into the late Pleistocene to understand better the 

vegetation history of the eastern Pamir by investigating the pollen record of a sediment core from 

Lake Karakul (Tajikistan), covering the last 28 cal kyr BP.  Thereby we first assess the indicator 

value of the pollen record; secondly, reconstruct the regional terrestrial vegetation change over 

the late Pleistocene and Holocene; and thirdly, compare the inferences with other vegetation and 

climate records, aiming to refine the palaeoenvironmental and climatic history of the eastern 

Pamir.  

2.  Study site 

Lake Karakul is located in the eastern Pamir Mountains at 3915 m above sea level (asl) in 

Tajikistan (Fig. 1). The lake occurs in a tectonic graben structure. A horst structure subdivides the 

lake into a shallow eastern and a deep western basin (Strecker et al., 1995). Triassic granites, 

Permian mafic metavolcanics, and Carboniferous and Permian phyllites and metasandstones form 
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the bedrock of the study region and are partially covered by late Pleistocene glacial till, terrace 

gravel, Holocene lacustrine sediments and gravel deposits (Nöth et al., 1932; Strecker et al., 

1995). The eastern Pamir region is a high mountain plateau characterised by discontinuous 

permafrost formed in the late Pleistocene (Gorbunov, 1990). High mountains, mainly between 

5000 and 6000 m elevation, surround the endorheic basin of Lake Karakul (Komatsu and 

Tsukamoto, 2015). The surface area of the modern lake is ca. 388 km2 (Komatsu and Tsukamoto, 

2015). Seasonal rivers, mainly fed by snow and glacier melt, drain the 4464 km2 catchment. The 

Westerlies are the main atmospheric circulation influencing the region; however, they are 

blocked by the Western Pamir, prohibiting effective moisture transport from the west. 

Accordingly, precipitation is low in the region with an annual mean of 82 mm (Karakul climate 

station). High insolation (Mętrak et al., 2015) and low precipitation lead to an arid climate with 

an aridity index of -45 to -61 (Agakhanyantz and Lopatin, 1978; aridity index after Thornthwaite, 

1948). The mean annual temperature is -3.9°C, mean January temperature -18.1°C and mean July 

temperature 8.5°C as recorded at the Karakul station (data from 1934-1995 and 2004-2007). 

Due to the steep relief and climatic conditions, the flora of the high Pamir can be 

categorized into a subalpine zone (from 3500 to 4200 m asl), an alpine zone (4100 to 4800 m 

asl), and a nival zone (4700 m asl and above; Mętrak et al., 2015). Mountain desert (3500 to 4600 

m asl, ~33% of eastern Pamir) is dominated by Chenopodiaceae (e.g. Ceratoides) and Asteraceae 

(Artemisia, Ajana etc.); mountain steppe (3500 to 4000 m asl; 10% area) is dominated by Stipa; 

mountain meadows (3500 to 4400 m asl, ~5% area) including floodplains, riverbanks, and tugai 

are dominated by Poaceae and Cyperaceae (Leymus, Kobresia). Tugai, a Central Asian type of 

forest/shrub habitat along rivers or spring-outlets, is found up to 3900 m asl and includes Betula, 

Populus, and Salix species amongst others (Breckle and Wucherer, 2006; Mętrak et al., 2015). In 

general, due to the cold, arid conditions, terrestrial vegetation growth is sparse and vegetation 

cover reaches 5–20% (Breckle and Wucherer, 2006; Mętrak et al., 2015) and is mainly confined 

to wetlands, springs, and moister valleys. Although the α-diversity is rather low, the β- diversity 

is high due to the variety of habitats in the eastern Pamir region (Breckle and Wucherer, 2006). 

Ceratoides, Artemisia, Stipa, Festuca, Leymus, Kobresia, and cushion plant associations, among 

others, have been recorded in the direct vicinity of the lake. Many of these taxa are grazed by 

domestic herds (Breckle and Wucherer, 2006). Teresken (Ceratoides papposa Botsch. & Ikonn.; 

Chenopodiaceae) is collected widely as fuel for heating and cooking by the locals, and 

supplementary fodder for livestock during winter (Mętrak et al., 2015). 
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3. Material and Methods 

 

3.1.  Sediment cores and chronology 

 

In April 2012, two sediment cores (KK12-1 and KK12-2) were retrieved from Lake 

Karakul, of 1086 cm and 1226 cm length, respectively. The cores were recovered using UWITEC 

coring equipment at 39.0176° N / 73.5327°E, 10 m apart from each other, coring from the ice in 

2-m segments. A composite core was created based on the correlation of XRF-measurements 

(Fig. 2; Mischke et al., 2017). A lake reservoir effect of 1.368 kyr was determined by dating 

living charophytes from 2008 and 2012 (Heinecke et al., 2017b). Twenty-two radiocarbon ages 

(from total organic carbon, or water-plant remains; 13 from core KK12-1, 9 from core KK12-2) 

and 10 optically stimulated luminescence (OSL) dates (all from KK12-2) were used to create a 

composite age-depth model in OxCal 4.2 (Fig. 2; Mischke et al., 2017). The sediment 

characteristics of KK12-1, including grain size, XRF, geochemistry and isotope measurements 

are reported in Heinecke et al. (2017b). The sediments from KK12-1 were aligned with the depth 

scale of core KK12-2 during the establishment of the composite core. A detailed description of 

the composite core is given in Mischke et al. (2017). Furthermore, a 1.04 m short sediment core 

covering the last 4 cal kyr BP, which was retrieved in 2008 and presented in Mischke et al. 

(2010), was also analysed for pollen. 

 

3.2. Pollen sample preparation and pollen analyses 

 

Pollen samples were treated at the Alfred Wegener Institute, Helmholtz Centre for Polar 

and Marine Research in Potsdam in a designated pollen preparation laboratory. Two Lycopodium 

spore tablets were added to each sediment sample (1.5 ml). Sample preparation included 

treatments with HCl (10%) and KOH (10%), sieving (400 μm) and boiling with HF (40-45 %), 

followed by acetolysis and sieving through a 7 μm mesh in an ultrasonic bath. Pollen samples 

were stored in water-free glycerol for permanent storage. 
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Fifty pollen samples were prepared and analysed, of which 46 samples were obtained 

from KK12-1. Two sediment gaps in KK12-1, which occurred due to coring with a piston corer 

without sediment overlap, were filled with samples from KK12-2 to create the composite pollen 

record. At least 300 pollen grains were counted, except in samples dated before 17.1 cal kyr BP, 

where an average of 170 pollen grains per sample were counted, due to very low pollen 

concentration. Pollen and non-pollen palynomorphs were investigated with an Axio Scope A1 

with a 40x and 100x oil immersion objective. Identification is based on literature by Beug (2004) 

and Moore et al. (1991) and on reference slide collections stored at the University of Manchester 

and Alfred Wegener Institute. In the short core TAJ-Kar-08-1B, 37 pollen samples were analysed 

and, on average, 144 pollen grains were counted per sample (min. 50, max. 202).  

  

3.3. Pollen data treatment 

 

Pollen percentages are based on the terrestrial pollen sum (including Cyperaceae, since 

this taxon may be an important component of reginal vegetation as well as a local indicator). The 

pollen diagram (Fig. 3) was created in Tilia 1.7.16 (Grimm, 2011) and pollen assemblage zones 

for the long composite core were generated via stratigraphically constrained incremental sum-of-

squares cluster analysis (CONISS; Grimm, 1987). The number of pollen assemblage zones was 

assessed using bootstrapping in the rioja package (Juggins, 2017) in R (R Core Team, 2012). 

Pollen data were square-root transformed prior to further statistical analyses and included only 

taxa which reached at least 0.5% in a minimum of three samples. A principal component analysis 

(PCA) was performed in CANOCO 5 (ter Braak and Šmilauer, 2012). Only data younger than 

13.6 cal kyr BP were included in the PCA to reduce the influence of the samples subject to long 

distance pollen transport. The non-pollen palynomorphs Botryococus, Pediastrum and NPP1, an 

unknown palynomorph, which was identified as gemmae of a bryophyte (e.g. Bryum), as well as 

chironomid remains were counted in the composite core and are displayed as percentages of the 

terrestrial pollen sum (Fig. 3). 

 

 

4. Results 
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4.1. Composite core (KK12-1/2; 27.6 cal kyr BP to present) 

In total, 57 pollen taxa were identified. The pollen record (Fig. 3) is dominated by 

Artemisia, which reaches between 45 and 77% (mean 61%). Apart from Cyperaceae (range: 4–

25%, mean 16%) and Poaceae (range: 1–12%, mean 7%), other taxa are mostly recorded with 

very low percentages and only rarely exceed 5%. 

The pollen record (Fig. 3) was subdivided into three pollen assemblage zones (PAZ). 

PAZ1, (1113-716 cm core depth; 27.6-19.4 cal kyr BP) is characterized by relatively high Pinus 

and Alnus values. Furthermore it shows variable Artemisia percentages (mean in PAZ1: 57%), 

medium to high values in Chenopodiaceae (mean PAZ1: 17%) and maximum values in the herb 

taxa Caryophyllaceae, Lamiaceae, Papaveraceae, and Thalictrum. The pollen spectra of PAZ 2 

(713-595 cm; 19.0-13.6 cal kyr BP) are characterized by maximum values in Artemisia (mean 

PAZ2: 73%), low values in almost all herb taxa, and a decrease in arboreal taxa. In PAZ 3 (580 

cm to core top; 12.9 cal kyr BP to modern day), Artemisia decreases (mean PAZ3: 61%), while 

Chenopodiaceae (mean PAZ3: 17%), Cyperaceae (mean PAZ: 3%), and steppe and meadow taxa 

(i.e. Asteraceae spp., Brassicaceae, Rosaceae) increase. Arboreal pollen remains sparse in PAZ 3. 

PAZ 3 was subdivided into three subzones - PAZ 3a-c. Increased Chenopodiaceae, high amounts 

of Cyperaceae, and maximum values of Ephedra distachya-type, E. fragilis-type, and Betula 

characterize PAZ 3a (580-486 cm; 12.9-6.7 cal kyr BP). In PAZ 3b (457-90 cm; 5.4–1.0 cal kyr 

BP), Chenopodiaceae, Ephedra, and Betula decrease slightly, while Brassicaceae and Asteraceae 

increase. PAZ 3c (62 cm to top; 725 cal yr BP to modern day) shows high values in Brassicaceae 

and Asteraceae. 

In a PCA including all PAZs (not shown), extra-regional taxa Pinus and Alnus have high 

abundances in PAZ 1 and 2 and thus strongly contribute to the variance in the pollen spectra. 

Accordingly, in the PCA presented here only the pollen spectra of PAZ 3 are included. The first 

two axes of the PCA capture 39.6% of the total variance of the pollen record starting at 13.6 cal 

kyr BP (Fig. 4). PCA axis 1 accounts for 21.8% and separates the dry steppe desert taxa at the 

negative end from the cold meadow taxa at the positive end. PCA axis 2 accounts for 17.8% and 

separates the Artemisia from the Cyperaceae signal. The majority of samples from PAZ 3a older 

than 10 cal kyr BP plot in the upper left corner of the PCA (Fig. 4), samples from PAZ 3a and 3b 

between 10 and roughly 3 cal kyr BP plot in the lower right, while samples from 3b younger than 

3 cal kyr BP plot in the lower left. All samples younger than 1.0 cal kyr BP plot in the upper left 

of the PCA.   
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4.2. Short core TAJ-Kar-08-1B 

 

In the short core, 62 pollen taxa were identified. The pollen spectra (Fig. 5) are dominated 

by Artemisia (range: 61–84%, mean 72%), while Chenopodiaceae (range: 7–19%, mean 12%), 

Poaceae (range: 0–8%, mean 4%), and Cyperaceae (range: 0–5%, mean 1%) are common. Other 

taxa are recorded with low percentages (maximum values are generally <3%). The pollen spectra 

generally display no notable temporal trend during the last 4.0 cal kyr.  

 

5. Discussion 

 

5.1. Interpretation of pollen data 

 

Lake Karakul is the largest lake in the Pamir Mountains, with a surface area of 

approximately 388 km2. We therefore assume that most of the pollen deposited in the sediments 

does not reflect the local scale but rather a regional to extra-regional vegetation signal (Prentice, 

1985; Sugita, 1994). For this reason, we refrain from interpreting the pollen spectra of the short 

core TAJ-Kar-08-1B in which only little variation is reflected. This might be because the core 

was taken from the centre of the eastern basin of Lake Karakul where the influence of long 

distance pollen is stronger. A strong extra-regional pollen load is also indicated by the high 

percentages of arboreal taxa such as Pinaceae and Alnus, which are particularly high in the 

central lake core, as arboreal taxa do not occur in the surroundings of the lake and are hardly 

found in the eastern Pamir. In the composite core, arboreal pollen reaches high percentages, 

especially during the late Pleistocene. A long distance transported pollen component generally 

has a stronger representation when local and regional vegetation cover and pollen production are 

low, for example during cold and dry periods (Van Campo and Gasse, 1993). This effect has also 

been reported from other sites world-wide that are characterized by open vegetation with low 

regional pollen productivity, such as Svalbard (Hyvärinen, 1970) and Rogers Lake in Connecticut 

(USA; Davis, 1967).  

Apart from Pinaceae and Alnus, other woody taxa such as Betula, Salix, Populus, and 

Hippophae are common in riparian environments in the Pamir (Breckle and Wucherer, 2006; 
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Mętrak et al., 2015). It is furthermore known that pollen grains, including arboreal, shrub and 

herb pollen, may be transported upwards from lower elevations into more mountainous areas 

(Markgraf, 1980). These taxa can thus appear at the same time as taxa that indicate drier 

conditions as they occur in distinct habitats (although spatially very limited to riparian 

environments) or indicate far distant input. 

All samples are dominated by Artemisia pollen, a typical steppe indicator and high pollen 

producer, which is the main component of pollen records from semi-arid to arid Central Asia 

(Gasse et al., 1996; Herzschuh et al., 2004; Van Campo et al., 1996). Chenopodiaceae, the 

second-most common pollen taxon represented throughout the core, is likewise a common 

vegetation component of Central Asia, particular in montane deserts. An increase in 

Chenopodiaceae relative to Artemisia is generally assumed to reflect an increase of desert relative 

to steppe elements in the vegetation (El-Moslimany, 1990; Gasse et al., 1996; Liu et al., 2008). 

Accordingly, Artemisia/Chenopodiaceae (A/C) ratios are used to differentiate between desert and 

steppe (El-Moslimany, 1990; Herzschuh, 2007; Y. Zhao et al., 2012). We assume in accordance 

with Cour et al. (1999) that pollen spectra with A/C ratios ≥2 indicate montane steppe or sub-

desert. However, Van Campo and Gasse (1993), investigating pollen spectra from the Sumxi Co 

Basin (Western Tibet), point out that Chenopodiaceae pollen might partly originate from local 

halophytic taxa close to lake margins. Although saline vegetation can be found along the present 

shorelines of Lake Karakul, its relative contribution might be small because this large lake should 

reflect the regional and extra-regional pollen component rather than the local pollen contribution 

(Sugita, 1994). Different A/C ratios from the wider region of Central Asia are displayed in Fig. 6. 

In the Lake Karakul record, high percentages of Ephedra (including E. distachya-type and E. 

fragilis-type) pollen coincide with increases in Chenopodiaceae, which are likewise common 

dryland taxa (Herzschuh, 2007; Van Campo and Gasse, 1993). Brassicaceae (mean 1.2%, max. 

~5%) and Asteraceae (mean ~2%, max. ~7%) are common alpine steppe and alpine meadow taxa 

and likely represent increased moisture availability (Herzschuh et al., 2010), although it cannot 

be ruled out that they include pollen from a number of ephemeral species, which have been 

recorded in Central Asian desert (De-Yuan and Blackmore, 2015). In comparison to 

Chenopodiaceae and Artemisia, Poaceae (mean 6.7%, max. ~12%) and Cyperaceae (mean 1.8%, 

max. ~5%) require more humid conditions (Jiang et al., 2013). Again, because of the lake size, 

the relative contribution of Cyperaceae from wetlands connected to the lake’s shorelines (Mętrak 

et al., 2017) might be small. Herzschuh et al. (2004) investigated recent pollen spectra from the 
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Alashan Plateau and Qilian Mountains (NW China),  and found high values of steppe herbs and 

shrubs such as Brassicaceae, Asteraceae, Rosaceae, and Papaveraceae and in the same samples 

high values of Poaceae and Cyperaceae in the alpine setting, agreeing well with our interpretation 

of alpine steppe vegetation as the dominant vegetation composition type. 

Cohen (2003) states that although Botryococcus occurs in a wide variety of lakes, it is 

most common in arid and semi-arid regions and shallow waterbodies, while Pediastrum can be 

found in all lake habitat zones, but is often associated with macrophyte occurrences in the more 

littoral zone. The abundance of the non-pollen-palynomorph (NPP1) shows a similar picture to 

the Botryococcus and Pediastrum distribution. We therefore assume that this NPP originates from 

shallow shoreline areas, rather than the open water body.   

 

5.2. Vegetation change before and during the global Last Glacial Maximum (27.6-19.4 cal kyr 

BP)  

 

Overall, the pollen spectra from Lake Karakul are strongly dominated by Artemisia and 

Chenopodiaceae. Other taxa, except for Poaceae and Cyperaceae, rarely exceed 5%. The 

contribution of arboreal taxa, especially Pinaceae (~6.5%) and Alnus (~3%), is particularly high 

from 27.6-19.4 cal kyr BP (PAZ 1). As there were likely no natural forests in the high Pamir 

Mountains due to the elevation and the dry conditions (Körner, 2012), these results suggest a 

strong influence of an extra-regional pollen component. This long distance component was likely 

transported via the Westerlies to the region rather than the Asian Summer Monsoon, which was 

comparatively weak during this period (Qin et al.1998). Model simulations show a southward 

shifted route of the Westerlies due to ice sheets covering the northern latitudes during the last 

glacial (Otto-Bliesner and Brady 2006). The contribution of extra-regional pollen grains to pollen 

records deposited during the last glacial is a common feature in semi-arid and arid regions of 

Central Asia (Kramer et al., 2010; Shen et al., 2005; Van Campo and Gasse, 1993), indicative of 

the low pollen productivity of the regional vegetation. The inference of low regional pollen 

productivity during PAZ 1 is also supported by the very low pollen concentrations (min. 380 and 

mean 1180 grain/ml). The eastern Pamir was thus likely dominated by a dry mountain steppe 

vegetation with low vegetation cover.  

Vegetation records from the Central Asian high mountain region covering the pre- and 

global Last Glacial Maximum (gLGM) have not hitherto been published, although there are 
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records from elsewhere in Asia. At Lake Balikun (NW China), pollen spectra indicate the 

expansion of steppe vegetation from 30.7 to 25.1 cal kyr BP that turned into desert during the 

gLGM period (An et al., 2013). Likewise, Chenopodiaceae and Artemisia dominate the pollen 

spectra of Lake Van (eastern Turkey) indicating that dry steppe vegetation dominated the last 

glacial even in the lowlands to the west of the Central Asian high mountains (Litt et al., 2009, 

2014). 

The inference of dry steppe vegetation is in line with the globally recorded cold climate 

and low atmospheric CO2 concentration (Barnola et al., 1987). Regional climate signals from the 

Asian high mountains likewise indicate cold conditions: several glacial advances at Lake 

Yashikul (southern Pamir) around 27 kyr BP (Zech et al., 2005) and the semi-arid  western 

Himalayan-Tibetan stage (SWHTS) 2F around 30±3 kyr BP (Dortch et al., 2013) were 

reconstructed based on cosmogenic 10Be surface exposure dates. While the pollen signals from 

Lake Karakul indicate no severe changes during the preLGM period, the water level of Lake 

Karakul was reconstructed as higher than modern from approximately 28 to 26 cal kyr BP while 

it was lower between 26 and 19 cal kyr BP (Heinecke et al., 2017b). 

 

5.3. Vegetation change during the late Glacial (19.0-13.6 cal kyr BP) 

 

In PAZ 2, covering the Late Glacial (19.0-13.6 cal kyr BP), Artemisia reaches its 

maximum pollen percentages while Chenopodiaceae decreases, implying that steppe was the 

dominant vegetation type. Most herb taxa, except Thalictrum, decrease rapidly. Towards the 

upper end of PAZ 2 Cyperaceae starts to increase and suggests larger wetland areas in the 

vicinity of the lake. Arboreal pollen starts to decrease at the onset of PAZ 2 suggesting a slowly 

decreasing pollen input from far distant sources, probably as a result of higher regional vegetation 

cover, which is also reflected by the increasing pollen concentration. Accordingly, pollen spectra 

of Lake Karakul likely reflect more regional vegetation during the Late Glacial. 

At Lake Balikun a transition zone from drier to moister conditions from 17.7 to 12.8 cal 

kyr BP is likewise proposed by An et al. (2013). At Lake Van (eastern Turkey), in contrast, more 

open vegetation conditions than during the late pleni-glacial were reflected in the pollen record, 

with an increase in Chenopodiaceae compared to Artemisia, indicating a vegetation change 

towards desert communities (Litt et al., 2009). 
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Globally, climate started to warm from around 19 cal kyr BP onwards, spanning the time 

of the Late Glacial (Clark et al., 2009). In the high Asian mountains, phases of increased moisture 

supply, likely associated with the mid-latitude Westerlies, resulted in a number of glacier 

advances, for example around 17 and 13.7 kyr BP in the Muztag Ata and Kongur Shan massif 

(Seong et al., 2009), and the SWHTS 2E, 2D, and 2C (20±0.3 kyr, 16.9±0.7 kyr, and 14.9±0.8 

kyr, respectively; Dortch et al. 2013). 

Similar to the vegetation record, the Lake Karakul lake-level record suggests increased 

moisture availability compared with the gLGM as indicated both by low Fe/Mn ratios in Lake 

Karakul sediments (Heinecke et al. 2017b) and by OSL-dated palaeo-shorelines  (Komatsu and 

Tsukamoto, 2015).  

 

5.4. Vegetation change during the Pleistocene-Holocene transition to mid-Holocene (12.9 to 

6.7 cal kyr BP) 

 

The Holocene part of the core is covered by PAZ 3, which was subdivided into three sub-

zones. Whether the first sub-zone also comprises parts of the Late Glacial (i.e. the 

Bølling/Allerød period and the Younger Dryas) cannot be resolved by the age-depth model or the 

pollen record. In our pollen record, arboreal pollen is strongly reduced, leading to the conclusion 

that the long distance input decreased further at the beginning of the Holocene. At the same time 

the Artemisia percentage decreased while the Chenopodiaceae percentage increased indicating 

less moisture availability (El-Moslimany, 1990). This is also reflected in the increased amount of 

Ephedra pollen. Overall the pollen spectra suggest an expansion of dry, rather open, steppe 

vegetation, while slight increases in Betula might reflect a partly mixed signal from long distance 

transport and regional sources, which together with slight increases in Poaceae and Cyperaceae 

probably reflect an increase in riverine wetland area in the lake’s vicinity, the shoreline areas and 

the lowlands. This is in line with the reconstructed alpine meadow vegetation at Lake Son Kul 

(western Tien Shan), which is located in a high alpine valley area with relatively moist conditions 

and surrounded by drier mountain ridges (Mathis et al., 2014). Mathis et al. (2014) nevertheless 

propose a wet early to middle Holocene in the Tien Shan based on a high aridity index, implying 

higher tree cover in the region, and a high input of arboreal pollen and Poaceae.  

The expansion of dryland vegetation as recorded by Lake Karakul pollen spectra is also 

reflected in the pollen signals of Lake Wulungu from 9.5 to 6.7 cal kyr BP (northern Xinjiang, 
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north-western China) presented by Liu et al. (2008; Fig. 6) and at Boston Lake (located in the 

eastern Tien Shan), where low A/C ratios (Xu et al. 1998; Fig. 6) and increased Ephedra 

percentages characterize a desert-steppe vegetation from 8.0-6.0 cal kyr BP (Huang et al., 2009). 

Similar to our record, Herzschuh et al. (2004) find high values of Chenopodiaceae and Ephedra, 

and infer desert as the dominant vegetation type from 10.7 to 5.4 cal kyr BP around the eastern 

Juyan palaeo-lake on the Alashan Plateau. Desert vegetation was also reconstructed by Van 

Campo et al. (1996) at Bangong Co from ~9.9 kyr BP to 9.6 kyr BP, with a sudden shift towards 

steppe vegetation and moister conditions thereafter. A similar trend was recorded from Sumxi 

Co, where from 12.7 to 10 kyr BP desert-type vegetation with dominant Chenopodiaceae and 

Ephedra was replaced by Artemisia-dominated steppe from ca. 10 to 5 kyr BP (Gasse et al., 

1991). In the west, at Lake Van, the climate during the early Holocene seems drier too, as tree 

pollen remains low, while Ephedra and Chenopodiaceae reach maximum values (Landmann et 

al., 1996; Wick et al., 2003). 

Global temperature rose notably at the beginning of the Holocene (Marcott et al., 2013). 

Diverging inferences are given concerning the moisture changes: while desertification is recorded 

in Central Asia (Jin et al., 2012), higher moister availability is inferred from glacier advances in 

the high Asian mountains, i.e. at Muztag Ata and Kongur Shan Mountains during the early 

Holocene (Seong et al., 2009). The latter agrees with the high lake levels inferred at Lake 

Karakul (Heinecke et al., 2017a) and increased freshwater input into Lake Issyk-Kul (Ricketts et 

al., 2001). However, higher moisture availability during the early Holocene is not reflected in the 

vegetation signals of Lake Karakul where a rapid drop in Artemisia pollen and increase in 

Chenopodiaceae and Ephedra pollen percentages indicate a change from steppe to dry steppe 

vegetation.  

The dissimilarities between the inferred moisture supply to the lake and the vegetation 

may originate from the higher seasonal evapotranspiration as a result of a higher summer 

insolation. While the lake continues to be fed by glacial meltwater, moisture availability for 

vegetation away from wetlands and riverine habitats remains low, leading to maximum Ephedra 

percentages and concomitant increases in Cyperaceae. This phenomenon may be intensified by 

lower atmospheric CO2 concentrations during the early Holocene as compared to the late 

Holocene, which are reflected in lower net primary production due to, for example, inhibited 

photosynthesis as suggested by Herzschuh et al. (2011). Vegetation growing in close vicinity to 
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streams and the lake margin as well as wetlands is likely to be less affected by insufficient 

moisture availability. 

 

5.5. Vegetation change during the middle to late Holocene (5.4 to 1.0 cal kyr BP) 

 

In the Karakul pollen spectra, the proportion of Artemisia increases compared to the early 

Holocene and Chenopodiaceae and Ephedra decrease slightly suggesting an increase in steppe 

elements. This agrees with the findings at Boston Lake where higher A/C ratios (Fig. 6) imply the 

replacement of desert with steppe vegetation from 6 to 1.5 kyr BP (Xu et al. 1998; Huang et al., 

2009). A similar trend of an increase in Artemisia and slight decrease in Chenopodiaceae was 

noted for Lake Son Kul in the Tien Shan by Mathis et al. (2014) and Lauterbach et al. (2014) 

(Fig. 6). However, while Poaceae percentages remain relatively high and meadow taxa such as 

Rosaceae, Asteraceae, and Brassicaceae increase in our Lake Karakul record, at Lake Son Kul 

Poaceae and Juniperus decrease, while Rosaceae, Asteraceae, and Brassicaceae percentages 

remain constantly low (Lauterbach et al., 2014; Mathis et al., 2014). These differences lead to 

diverging interpretations concerning moisture availability, but might simply be due to differences 

in the environmental setting of the studied regions despite their relatively close proximity. Lake 

Son Kul in the Tien Shan is located at ~3000 m asl and has a modern-day mean annual 

precipitation of ~470 mm, compared to an elevation of ~3915 m asl and mean annual 

precipitation of ~82 mm for Lake Karakul. Accordingly, regional differences may mean that dry 

areas in the eastern Pamir are more sensitive to moisture changes, while the vegetation in the 

Tien Shan is more sensitive to temperature change. At Lake Karakul we think the increase in 

steppe vegetation compared to the early Holocene is a result of increased moisture possibly 

caused by a temperature decrease and the associated reduction in evaporative stress.  

On a global scale, warmer and wetter conditions prevailed during the middle Holocene 

and shifted towards colder and drier conditions in the late Holocene. Increasing δ18O values from 

the Guliya Ice Core (western Tibetan Plateau) reveal an abrupt decrease in temperature at 5 kyr 

BP (Yao et al., 1997) and Dortch et al. (2013) identified at least three SWHTS between 3.8±0.6 

kyr (1C) and 0.4±0.1 kyr (1A). Lower lake levels are reconstructed at Lake Karakul from 6.7 cal 

kyr until the present-day from the decreased Fe/Mn ratios and are supported by abundant 

macrophyte remains preserved in the sediment cores of Lake Karakul. A warmer period, with a 

few colder intervals, led to an increased meltwater influx since 1.9 cal kyr BP (Mischke et al., 
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2010; Taft et al., 2014), which coincides with a warm period proposed by Aichner et al. (2015). 

At Boston Lake, a number of dry spells throughout the late Holocene have also been recorded 

(Wünnemann et al., 2006), corresponding with a slight drying trend and mainly negative water 

balance at Lake Son Kul, with a few, up to centennial-long, reversals (Huang et al., 2014; 

Lauterbach et al., 2014). 

 

5.6 Vegetation change during the last millennium and potential human impact 

 

PAZ 3c spans the core section from 0.7 cal kyr BP to present-day (62 cm to top). The 

pollen spectra indicate an expansion of alpine steppe and alpine meadow from the high 

percentages of Asteraceae, Brassicaceae, Cyperaceae, and Poaceae. Possible human impact might 

be indicated by the increase of Asteraceae pollen, a taxonomic group including many typical 

grazing-responsive and nitrophile weeds, in combination with Plantago pollen recorded in PAZ 

3c. At Lake Kichikol (Alai Range, 100 km north of Lake Karakul), human impact based on the 

appearance of Plantago pollen and an increase in charcoal accumulation rates is first inferred 

around 2.1 cal kyr BP (Beer et al., 2007). At Lake Son Kul stable steppe vegetation is inferred 

since 5 cal kyr BP and although human impact during the last millennia in the form of nomadic 

herders and grazing livestock is documented from excavations of burial sites and petroglyphs 

(Yablonsky, 1995), no signal was imprinted in the pollen record (Lauterbach et al., 2014). Chen 

et al. (2010) compared a number of studies from arid Central Asia focusing on the last 

millennium and found that the majority of records show a rather dry Medieval Warm Period and 

an increase in moisture availability during the Little Ice Age. However, due to spatial differences 

and a lack of studies it is difficult to draw more detailed conclusions. 

 

6. Conclusions 

 

The pollen spectra from a composite core at Lake Karakul in the eastern Pamir show: 
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 high arboreal pollen percentages during the late Pleistocene, revealing long-distance input 

and suggesting a dominant extra-regional vegetation signal in a sparsely vegetated dry 

mountain steppe landscape 

 continued prevalence of steppe, with high values of Ephedra as a response to even drier 

conditions during the period from 12.9-6.7 cal kyr BP 

 vegetation changes after 6.7 cal kyr BP tending towards steppe vegetation with slightly 

moister conditions 

 the development of alpine steppe and meadows during the last millennium, with minor 

indications of grazing activity in the landscape 

 

A comparison of the vegetation signal from Lake Karakul with a previously published 

sedimentary record shows that during the late Pleistocene both records have similar cold and dry 

conditions, but differ during the Holocene. In the early Holocene inferred lake levels remain high, 

but the pollen record appears to respond to a decrease in available moisture. Around 6.7 cal kyr 

BP a threshold is crossed, which is likely related to decreasing lake level. While the pollen record 

indicates moister conditions from 6.7 cal kyr BP until present-day, the sedimentary parameter 

suggests rather drier conditions. These differences are likely related to fine-scale differences as 

the lake is fed mainly by streams transporting meltwater from glaciers, while the majority of the 

vegetation does not grow in the direct vicinity of streams and the lake, as well as variations in 

evaporation due to insolation changes. 
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Figure Captions 

 

Fig.1: Lake Karakul in the Pamir Mountains, arid Central Asia (regional map –Landsat-8 (OLI) 

image, 22 July 2014). The yellow circle indicates the coring location; A-C refers to photographs 

of different vegetation communities with A - typical teresken steppe to desert vegetation, B - 

wetland on saline soils close to the lake shoreline and C - sparse steppe vegetation with riverine 

habitat dominated by Cyperaceae. 

 

Fig. 2: Sedimentology of cores KK12-1 and KK12-2, including sample depth for radiocarbon and 

OSL dating and XRF peaks in selected elements used to create the composite core. Age-depth 

model created in OxCal 4.2 (adapted from Mischke et al. 2017). 

 

Fig. 3: Pollen stratigraphy of the composite core from Lake Karakul. Black filled silhouettes 

represent original pollen abundance; white silhouettes exaggerate original abundance by five to 

improve detectability. 

 

Fig. 4: Biplot of axis 1 and axis 2 of a Principal Component Analysis (PCA) performed on pollen 

from pollen assemblage zone 3 of the composite core from Lake Karakul and age of samples in 

cal yr BP. 

 

Fig. 5: Pollen spectra of the short core TAJ-Kar-08-1B. Core chronology is presented in Mischke 

et al. (2010). 

 

Fig. 6. Comparison of Artemisia/Chenopodiaceae  ratios from lakes from the wider region of 

Central Asia, from west to east, Lake Karakul (this study), Lake Kichikul (Beer et al. 2007), Lake 

Sonkul (Lauterbach et al. 2014), Lake Pashennoe (Tarosov er al. 1995), Lake Bangong (Van 

Campo et al. 1996), Lake Sumxi (Van Campo and Gasse 1993), Lake Aibi (Wang et al. 2013), 

Lake Sayram (Jiang et al. 2013), Lake Wulung (Liu et al. 2008), Lake Manas (Sun et al. 1994), 

Lake Boston (Xu 1998). 
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Highlights:  

 First vegetation study covering the late Pleistocene in high arid Central Asian  

 Pollen spectra reveal high far distant input before ~13 cal kyr BP 

 Regional terrestrial vegetation signal after 13 cal kyr BP for eastern Pamir 

 Detection of human influence in the last millennium 
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