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a b s t r a c t

Based on fossil organism remains including plant macrofossils, charcoal, pollen, and invertebrates
preserved in syngenetic deposits of the Batagay permafrost sequence in the Siberian Yana Highlands,
we reconstructed the environmental history during marine isotope stages (MIS) 6 to 2. Two fossil as-
semblages, exceptionally rich in plant remains, allowed for a detailed description of the palaeo-
vegetation during two climate extremes of the Late Pleistocene, the onset of the last glacial
maximum (LGM) and the last interglacial. In addition, altogether 41 assemblages were used to outline
the vegetation history since the penultimate cold stage of MIS 6. Accordingly, meadow steppes analogue
to modern communities of the phytosociological order Festucetalia lenensis formed the primary vege-
tation during the Saalian and Weichselian cold stages. Cold-resistant tundra-steppe communities (Carici
rupestris-Kobresietea bellardii) as they occur above the treeline today were, in contrast to more northern
locations, mostly lacking. During the last interglacial, open coniferous woodland similar to modern
larch taiga was the primary vegetation at the site. Abundant charcoal indicates wildfire events during
the last interglacial. Zoogenic disturbances of the local vegetation were indicated by the presence of
ruderal plants, especially by abundant Urtica dioica, suggesting that the area was an interglacial refu-
gium for large herbivores. Meadow steppes, which formed the primary vegetation during cold stages
and provided potentially suitable pastures for herbivores, were a significant constituent of the plant
cover in the Yana Highlands also under the full warm stage conditions of the last interglacial. Conse-
quently, meadow steppes occurred in the Yana Highlands during the entire investigated timespan from
MIS 6 to MIS 2 documenting a remarkable environmental stability. Thus, the proportion of meadow
steppe vegetation merely shifted in response to the respectively prevailing climatic conditions. Their
persistence indicates low precipitation and a relatively warm growing season throughout and beyond
stitute and Natural History
ology, Am Jakobskirchhof 4,

ina).
nd should be considered co-

mailto:k.ashastina@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2018.07.032&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2018.07.032
https://doi.org/10.1016/j.quascirev.2018.07.032
https://doi.org/10.1016/j.quascirev.2018.07.032


K. Ashastina et al. / Quaternary Science Reviews 196 (2018) 38e61 39
the late Pleistocene. The studied fossil record also proves that modern steppe occurrences in the Yana
Highlands did not establish as late as in the Holocene but instead are relicts of a formerly continuous
steppe belt extending from Central Siberia to Northeast Yakutia during the Pleistocene. The persistence
of plants and invertebrates characteristic of meadow steppe vegetation in interior Yakutia throughout
the late Quaternary indicates climatic continuity and documents the suitability of this region as a
refugium also for other organisms of the Pleistocene mammoth steppe including the iconic large
herbivores.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Climatic and associated vegetation changes are considered
possible drivers for the extinction of Pleistocene mammoth fauna
(Campos et al., 2010; MacDonald et al., 2012; Prescott et al., 2012).
In high latitudes, rising temperature and increased humidity trig-
gered, according to this interpretation, the transformation of the
Pleistocene nutritious grassland vegetation into birch shrubland,
coniferous forest tundra and finally into low-diverse taiga and
tundra wetlands (Binney et al., 2009; Edwards et al., 2005; Kienast,
2013). Correspondingly, the demise of mainland mammoth pop-
ulations coincided with the expansion of coniferous forests and the
formation of extensive northern peatlands (MacDonald et al., 2012).
The question remains, however, as to why the Pleistocene
mammoth fauna survived several warm pulses during the Pleisto-
cene, including full interglacials, but became extinct in particular in
the course of the Holocene. Also, it is not fully clear whether the
restructuring of late Quaternary vegetationwas the cause or, due to
herbivore - vegetation interactions, the consequence of the demise
of megafauna.

A key region for understanding the mechanisms underlying the
late Quaternary biotic impoverishment in northern latitudes is
Beringia (Hulten, 1937; Tugarinov, 1929). The sector between the
mouths of the Siberian Khatanga River and the Canadian Mack-
enzie River including entire Yakutia remained free of continental
ice caps during the late Quaternary (Barr and Clark, 2012;
Svendsen et al., 2004). Beringia, and NE-Siberia in particular, is
regarded the last refuge of mammoth fauna (Boeskorov, 2006).
Consistently, the latest mainland populations of extinct mega-
herbivores existed here as indicated by radiocarbon dates of bones
from mammoth (9670± 60 on the mainland and 3730 uncal. years
BP on Wrangel Island; Stuart et al., 2002), woolly rhino
(13,978 cal years BP; Stuart and Lister, 2012), steppe bison
(8215 þ 45/�40 uncal. years BP; Murton et al., 2017), and wild
horse (2150± 200 uncal. years BP; Boeskorov, 2006). The domi-
nance of grazers among Beringian megaherbivores has been taken
as evidence for productive, cold-adapted grassland, the tundra-
steppe or mammoth steppe being the key vegetation type in the
Pleistocene Arctic (Guthrie, 1990). Based on vegetation studies at
currently isolated relict steppe stands in Northeast Siberia and
Chukotka, Yurtsev (2001) suggested that the Pleistocene palaeo-
landscapes were analogously characterized by a codominance of
steppe and arcto-alpine plant species. He also showed that modern
relict steppe vegetation forms patchy mosaics in response to local
environmental conditions such as topography, exposition, distur-
bances and soil. The existence of modern analogues of Pleistocene
vegetation was previously questioned based on non-analogue as-
semblages of pollen (Cwynar and Ritchie, 1980; Williams et al.,
1998), which, due to their constraints in high latitudes, are how-
ever of limited use for vegetation reconstruction (Birks and Birks,
2000). In the present paper, the term mammoth steppe is
accepted as an ecosystem (or palaeo-biome) supposedly domi-
nating during Pleistocene cold stages as suggested by Guthrie
(1990). Tundra-steppe, in contrast, is henceforth regarded here
as a certain plant community occurring at dry exposed places in
the alpine belt of mountains and subsumed in the plant-
sociological class Carici rupestris-Kobresietea bellardii (Kucherov
and Daniels, 2005). Tundra steppe vegetation is thus regarded as
a modern analogue and part of the Pleistocene mammoth steppe
and no longer as a synonym. It corresponds to plant communities
formerly designated Kobresia-meadows (Kienast et al., 2005;
Wetterich et al., 2008) or dry arctic upland vegetation (Kienast
et al., 2008). We implement this sharp distinction to make
palaeo-vegetation reconstructed on the base of diagnostic species
comparable with modern vegetation that is analogously classified
using diagnostic species.

Palaeontological records from permafrost sections in Northeast
Siberia revealed the mosaic-like character of Pleistocene vegetation
with a coexistence of steppe, meadow and tundra steppe (Kienast
et al., 2005, 2008), which is in line with the descriptions of mod-
ern analogues of steppe and tundra-steppe relict vegetation in
Yakutia (Yurtsev, 1982, 2001; Reinecke et al., 2017).

Most of the known fossil vegetation records are situated in the
coastal lowlands of Yakutia. Due to Quaternary sea level fluctua-
tions, Yakutia's northern lowlands and the adjacent shelves were
intermittently hit by tremendous coast line shifts (Bauch et al.,
2001; Romanovskii et al., 2004) and correspondingly fluctuating
maritime influence on climate. However, inland sections unaffected
by maritime climate but with constantly continental climate
throughout the Quaternary, were scarcely available so far. A newly
formed permafrost exposure near Batagay, Verkhoyansky district in
the Yana Highlands, Yakutia is one of the few active permafrost
outcrops currently accessible in interior Yakutia (Fig. 1; Ashastina
et al., 2017; Murton et al., 2017). The pole of cold - Verkhoyansk,
the place with the lowest measured winter temperature in the
northern hemisphereis also situated in the Yana Highlands, which
thus represent the region with the greatest seasonal temperature
gradient, e.g. the most severe climatic continentality in the
Northern Hemisphere (USSR Climate Digest, 1989). The region can
therefore be considered as a benchmark for northern inland
climate. Previous studies on the Batagay permafrost exposure dealt
with structure, composition, cryostratigraphical and sedimento-
logical characteristics of the permafrost sequence (Kunitsky et al.,
2013; Ashastina et al., 2017; Murton et al., 2017) and expansion
rates of the outcrop (Günther et al., 2015) or described megafauna
findings, including frozen carcasses of horses (Equus sp.) and bison
(Bison priscus), as well as bone remains of cave lions (Panthera leo
spelaea), woolly rhinoceroses (Coelodonta antiquitatis), mammoths
(Mammuthus primigenius), and other extinct Pleistocene animals
(Novgorodov et al., 2013).

In this paper, we present first results of the analyses of plant
macro-fossils, charcoal, pollen and invertebrates obtained from



Fig. 1. (a) Location of the Yana Highlands in northeastern Siberia. Map modified from
Jakobsson et al. (2012). (b) Situation of the study area on the right southeastern bank of
the Yana River valley. (c) Location of the Batagay mega slump (framed) at the north-
eastern slope of Mt. Khatyngnakh, left bank of the Batagay River. (d) Location of the
studied sections in the Batagay mega slump. (b), (c), and (d) modified from satellite
pictures, Google Earth V. 7.1.2.2041. (July 4th, 2013), Batagay Region, Russia
67�34041.8300N, 134�45046.9100E, Digital Globe 2016, CNES Astrium 2016, http://www.
earth.google.com (accessed April 25th, 2016).
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the Batagay permafrost sequence. We provide a reconstruction of
palaeo-vegetation from MIS 6 to 2 with a focus on the last inter-
glacial (MIS 5e) and the onset of the last global glacial maximum
(LGM), and compare the results with modern vegetation in the
area as well as with palaeo-records available from sites in today's
coastal zone. Environmental conditions associated with the
reconstructed palaeo-vegetation are inferred from the respective
macro- and microclimatic conditions of comparable modern
vegetation types in Yakutia. We aim at ascertaining the macro-
climatic impacts on ecosystems in Beringia's most continental
region and in one of the last refugia of the Pleistocene megafauna
during warm and cold extremes of the Pleistocene. Furthermore,
we reveal non-climatic impacts on palaeo-vegetation such as
disturbances and eutrophication potentially relating to the pres-
ence of megaherbivores.
2. Regional setting

The Batagay outcrop (67� 34041.8300 N, 134� 45046.9100 E) is
located 10 km southeast of Batagay, the municipal centre of the
Verkhoyansk district, Sakha Republic (Yakutia, Russian Federation).
The study site is 2.300m distant from the left bank of the Batagay
River, a tributary to the Yana River, and slopes down between 300
and 240m a.s.l. into the foothills of Mt. Khatyngnakh, 381m high
(Fig. 1c).

The Yana Highlands are bordered by the Verkhoyansky and
Chersky Mountains. According to Popp et al. (2007) and Siegert
et al. (2009), the Highland territory was not glaciated at least
during the last 60 ka, whereas both the Verkhoyansky Mountains
and Chersky Ridge were influenced by alpine glaciers during the
Pleistocene cold stages (Glushkova, 2011; Stauch and Lehmkuhl,
2011).

The climate of the Yana Highlands is continental subarctic
(K€oppen,1884), i.e. it is characterized by low precipitation rates and
by the globally largest seasonal temperature gradient exceeding
100 K. Climate data are available from Verkhoyansk (USSR Climate
Digest, 1989), 50 km north-east from the study site (Fig. 1b), which
is known as the place with the lowest recorded temperature in the
Northern Hemisphere (�67.8 �C). The mean annual precipitation
amounts to only 181mm with a maximum falling in summer.
Within generally dry Yakutia, the upper reaches of the Yana
drainage system exhibit the lowest precipitation resulting in a
relatively high percentage of modern steppe vegetation in the
study area (Yurtsev, 1982).

Whereas todays's coastal lowlands, during sea-level high-stands
were periodically influenced by maritime climate, the Yana High-
lands steadily remained under continental climate impact. Conti-
nental climate, e.g. warm summers and dry conditions, foster
grassland vegetation and large grazing mammals. Interior Yakutia
is therefore considered a refuge for tundra-steppe and mammoth
fauna during the Quaternary (Yurtsev, 1982; Boeskorov, 2006).

Due to low ground temperature during cold stages associated
with extremely continental climate and lacking inland ice cover,
thick permafrost deposits formed in the Yana Highlands compa-
rable to those in the coastal lowlands of Yakutia and on the shelves,
which were subaerially exposed during Pleistocene marine re-
gressions (Romanovskii et al., 2004). The sedimentation areas in
Northeast Siberia, both the coastal lowlands and the Yana High-
lands are characterized extensively by ice-bonded permafrost (Ice
Complex) deposits, which are penetrated by thick ice wedges and
consist of up to 90% of ice (Romanovskii et al., 2004). Ice Complex
deposits formed syngenetically, i.e. sediments passed immediately
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into permafrost synchronous with their deposition (Schirrmeister
et al., 2002). Since they preserve fossils in excellent condition,
syngenetic permafrost deposits are an exceptional palae-
oenvironmental archive. Frozen remains of mammals, insects,
mollusks, as well as plant macrofossils give unique insights into
arctic terrestrial ecosystems of the Pleistocene (Berman et al., 2011;
Fisher et al., 2012; Guthrie, 1990; Harington, 2007; Kienast et al.,
2011; Zanina et al., 2011).

The modern vegetation in the study region is built up of light
coniferous forest dominated by Larix gmelinii (Isaev and Timofeyev,
2010). The study site is situated within the subzone of northern
taiga in the Verkhoyansky district, i.e. upper Yana floral district
(Isaev et al., 2010). In contrast to the neighbouring, more western
districts, Pinus sylvestris is absent there, as the Verkhoyansky
mountain range seems to represent an effective migration barrier
for that species. Instead, Pinus pumila is a common constituent of
mountainous taiga in the Yana Highlands.

In addition to L. gmelinii and Siberian dwarf pine (Pinus pumila),
the modern vegetation is composed of Alnus alnobetula subsp.
fruticosa, Betula divaricata, B. nana subsp. exilis and Salix spp. in the
shrub layer, and the dwarf shrubs Ledum palustre, Vaccinium vitis-
idaea, Arctous alpina and Empetrum nigrum. The ground is mostly
wet and densely covered with a thick layer of lichens (Cladonia
stellaris, C. rangiferina, C. arbuscula, Cetraria islandica, Stereocaulon
paschale) and mosses (Polytrichum piliferum, Dicranum congestum);
only few grasses and herbs occur (e.g. Polygonum tripterocarpum,
Corydalis sibirica, Pedicularis lapponica).

The Verkhoyansky district is characterized at places by moun-
tain tundra and cryophilic steppes as the climate there is the most
continental within Yakutia and represents the closest existing
analogue of the Beringian cold stage climate. Modern relict steppe
occurrences in Verkhoyansk and Ust'-Nera are described by Yurtsev
(1981, 1982, 2001). Also modern Coleopteran assemblages, resem-
bling Pleistocene tundra-steppe environments, have been collected
in the Yana Highlands (Berman et al., 2001).
3. Material and methods

3.1. Material

Most permafrost profiles in Yakutia are accessible along river
banks and bluffs in the coastal lowlands. The Batagay outcrop is,
conversely, one of very few inland permafrost sections in Yakutia.
It represents the worldwide biggest thaw slump reaching di-
mensions of 800m in diameter and forming a steep headwall of up
to 80m (Günther et al., 2015). The total height of the erosional
cirque is estimated to be 110m from the topmost edge to the
bottommost point, where the bedrock is exposed (L. Vdovina, Yana
Geological Service, 2014; personal communication). Sediment
loaded meltwater constantly flows off the headwall and the steep
slopes forming drainage channels. These channels dissect a num-
ber of up to 30m high ridges (Fig. 2c) of frozen sediments on the
bottom of the thermo-erosional gully, forming a fan that is visible
in satellite photos. Due to a slight northeastern inclination, the
sediment-loaded meltwaters stream down to the Batagaika River
(Fig. 1c).

The development of the outcrop was traced by a series of his-
torical satellite pictures (Kunitsky et al., 2013), which suggest that
the erosion occurred in two stages. The first phase started in the
late 1970s with gully formation possibly triggered by anthropo-
genic activity such as timber cutting for household heating and
transport of cut wood along the ever same track over several
months. Damages of the vegetation cover and reduced shading
induced rapid thawing of the underlying ice-rich ground. The
erosionwas intensified later with mining activities on top of Mount
Kirgillyakh, when trucks additionally transported tin ore to the
Batagaika River repeatedly using the existing track (L. Vdovina,
personal communication). The second phase began after 1991
when the denudation expanded laterally and today's cirque-like
shape of the thaw slump formed (Kunitsky et al., 2013). The thaw
slump is still growing with erosion rates of up to 15m per year
(Kunitsky et al., 2013; Günther et al., 2015).

Due to the rapid denudation, numerous megafauna remains
became exposed, including an almost complete carcass of a horse,
dated to 4.45 ka BP. Another nearly complete mummy of a two-
month old bison was dated to 8.2 ka BP (Murton et al., 2017) and
accordingly is the youngest proof of steppe bison (Bison priscus) in
Beringia. These findings indicate that the Yana Highlands, due to
their climatic stability, were among the last refuges for now extinct
mammoth fauna. Remains of ground squirrels and lemmings
including a complete mummy of the arctic lemming (Dicrostonyx
torquatus) were detected at this site too (Novgorodov et al., 2013).
The nests of lemming and ground squirrel, likewise, are potentially
very informative archives for the reconstruction of palaeo-
environments as documented also by our results. Data on fossil
plant and insect remains and on ancient vegetationwere lacking so
far from the Batagay exposure.

During fieldwork in summer 2014, we sampled the Batagay
permafrost exposure for palaeo-ecological studies, which are pre-
sented in this paper. We distinguished five units in the sequence
from top to bottom (Fig. 2b). The samples were taken from three
different sections (A, B, C) according to accessibility of the deposits
(Fig. 1d). At section A, in the western part of the cirque, the upper
part of the sequencewas accessible. In the central part of the cirque,
in section B, organic-rich deposits assumedly from the last inter-
glacial were outcropping. At section C in the southeastern part of
the outcrop, the upper, central and lower parts of the sequence
were sampled. A detailed description of the studied sediment
succession is given in Ashastina et al. (2017). In Appendix A.1, we
present a brief outline of the sequence only).

According to stratigraphy and absolute dating, based on 9
Accelerator Mass Spectrometry (AMS) 14C and 2 Optical stimulated
Luminescence (OSL) samples, the Batagay permafrost sediments
have been deposited since the late Middle Pleistocene and expe-
rienced erosional events during the Late Pleistocene and the Ho-
locene (Ashastina et al., 2017).
3.2. Sampling and preparation

According to accessibility of the permafrost exposure, we took
bulk samples of frozen material with a volume of 2e10 L about
every 1m in vertical direction for multi-disciplinary analyses using
a hammer and a chisel. In case an organic rich horizon was detec-
ted, it was sampled additionally. We obtained 45 samples in total.
The samples have been split for sedimentological and palaeo-
ecological analyses. Samples for sedimentological and plant
microfossil analyses were air-dried and remained otherwise un-
processed. Samples for plant macrofossil, charcoal, and insect an-
alyses were wet-sieved with standard test sieves from Rentsch
GmbHwith mesh sizes of 2 and, to ensure that also small seeds and
other remains are caught, 0.25mm then and air-dried.
3.2.1. Macrofossil preparation and identification
At the laboratory of Senckenberg Research Station of Quaternary



Fig. 2. The Batagay thaw slump: a e view on the Ice Complex of north-western part of the slump; b e 5 units of the headwall according to Ashastina et al. (2017); c - view from the
northern rim of the Batagay thaw slump over ca. 30 m high ridges of frozen sediments intersected with outflows.
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Palaeontology,Weimar, we screened the samples using an Olympus
SZX 16 stereomicroscope and hand-picked material suitable for
macrofossil and insect identification. Plant remains, mainly seeds,
fruits, inflorescences, scales, and leaf fragments, were identified to
the lowest taxonomic level using a reference collection at the
Senckenberg Research Station of Quaternary Palaeontology, Wei-
mar, Germany (IQW, 2009), seed atlases, and identification keys
(Anderberg, 1994; Berggren, 1969, 1981; Kats et al., 1965). The taxa
nomenclature follows The Plant List (2017). The identification of the
cryptogamic plants was conducted in the Senckenberg Museum of
Natural History, G€orlitz.

3.2.2. Charcoal
Charcoal identification was performed for two samples of

Eemian age from Unit III rich in charcoal. Microscopic wood anat-
omy is used to identify the wood species (Huber, 1951;
Schweingruber, 1978, 1990; Schoch et al., 2004). The size of ana-
lysed material ranged from 1 to 12mm. Each specimen was picked
under the stereomicroscope and split with a razor along tangential
and radial planes. A reflected-light microscope was used to
examine the cellular details of fragments in order to identify taxa.
The charcoal was compared to the reference collection available at
the Laboratory for Ancient wood, Langnau, Switzerland.

3.2.3. Palynology preparation and identification
A total amount of 40 samples, each consists ca. 10 g of dry

material, were used for the palynological analyses. The samples
were chemically treated according to the methodology suggested
by Faegri and Iversen (1989), including treatment with a 10%
solution of hydrochloric acid for dissolving carbonates, 10% solu-
tion of potassium hydroxide for removing humic acids, and high-
concentration hydrofluoric acid for removing silicates. Acetolysis
was not performed. A Lycopodium spore tablet (batch 483,216)
was added to each sample for calculating the total pollen and
spore concentration. Pollen grains mounted in glycerine were
analysed under a transmitted light microscope AxioImagerD2
with 400�magnification. In addition to pollen, spores, coniferous
stomata and other non-pollen palynomorphs (NPPs) were coun-
ted and are included in the total sum. Pollen percentages and
pollen concentrations were calculated only for samples with
amounts of pollen grains above 100. Pollen percentages were
calculated based on a pollen sum of all detected taxa, taken as
100%. The results of the analysis are performed in pollen diagram
made in Tilia 1.7.16 software for four fossil-richest samples (pollen
sum above 100); pie chart is constructed for the sample from the
nest of ground squirrel; other data is performed in Appendix A.3.
Only 19 samples contain palynomorphs, other are palynologically
‘sterile.’

3.2.4. Invertebrate sampling and identification
Numerous chitin fragments of different size found in the studied

material, were picked using an Olympus SZX 16 reflected light
microscope. In case the sediment stuck to the chitin and could not
be removed with a wet brush, the specimen was suspended in
water again and the minerals were then mechanically removed.
The fragments were counted for each detected taxon and the
minimal number of individuals (MNI) was calculated (Kuzmina,
2015; Sher and Kuzmina, 2007). Identified taxa were combined to
13 ecological groups following the methods of Sher et al. (2005),
Kuzmina and Sher (2006), Sher and Kuzmina (2007), and Kuzmina
(2015). Identification has been conducted by comparison of the
chitin fragments with a database of modern and fossil insect images
(Kuzmina, 2014).

3.2.5. Reconstruction of palaeo-vegetation
The ancient vegetation was reconstructed in a number of ways

depending on the used proxies, pollen and palynomorphs, in-
vertebrates or plant macrofossils. Pollen and palynomorphs have
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a low taxonomic resolution and are transported over greater dis-
tances and therefore rather provide information on the general
character of vegetation on a larger scale, e.g. indicating the domi-
nance of forest or rather open ground vegetation in the region.
Macrofossils, in contrast, indicate the local conditions and allow for
the precise identification of plant taxa mostly down to the species
level. They are therefore comparable with the recording of modern
vegetation even though the original species assemblage is frag-
mentary owing to incomplete preservation. Insects have often a
very distinct ecological niche with a narrow tolerance range. The
ecological preferences of identified insects give thus a valuable
complementary indication and were taken into account for the
reconstruction of ancient vegetation.

For vegetation reconstruction, we considered primarily the
presence/absence for plant taxa as the quantity of identified re-
mains does not necessarily reflect the actual abundance of the taxa
in the palaeo-vegetation. The fossil number is also affected by
taphonomy, preservation and reproductive strategy of the plant
species. For this reason, not all plant taxa that formed the palaeo-
vegetation are sufficiently preserved in the fossil record. Despite
such restrictions, past vegetation units can be effectively recon-
structed on the basis of few identified species that are character-
istic, or diagnostic, for certain plant communities. Following the
methodology of Kienast et al. (2005, 2008, 2011) for the recon-
struction of palaeo-vegetation, the identified vascular plant taxa
were grouped into plant communities (syntaxa) in line with their
ecological preferences and present day occurrences (Dierben, 1996;
Hilbig, 1995; Reinecke et al., 2017). As the fossil assemblage does
not represent the entire plant community formerly existing at the
study site at the time of deposition, the reconstruction of palaeo-
vegetation cannot be as precise as the description of modern
vegetation. We therefore only considered plant communities of
higher rank, e.g. classes or orders. The phytosociological nomen-
clature of syntaxa follows the Braun-Blanquet classification (Weber
et al., 2000).

We used data on actual vegetation composition from Reinecke
et al. (2017) as well as unpublished data from the same area (in
total 210 vegetation relev�es, 10m� 10m, species abundances) to
characterize recent vegetation types for comparison with palaeo-
vegetation. Vegetation types were classified using TWINSPAN
(Hill, 1979) as implemented in JUICE (Tichy, 2002) and similarity of
plots based on species composition was visualized in an ordination
(DCA) using CANOCO (ter Braak and �Smilauer, 2012). Only relev�es
of most relevant vegetation types for the palaeobotanic comparison
were chosen for display in the ordination (thus excluding 19
wetland relev�es). Current environmental conditions for each plot,
including microclimatic as well as macroclimatic variables, were
added to the ordination. Slope inclination, northerness, easterness,
and heat load (derived from slope aspect; following McCune, 2007)
were recorded in the field. Macroclimatic variables (mean annual
temperature, annual precipitation, summer temperature, summer
precipitation, winter precipitation, (temperature) continentality,
precipitation seasonality) were downloaded from Worldclim
(Hijmans et al., 2005). We then added only those species of the
recent vegetation, which were also found in the palaeo-record
(separately for warm and cold stage species) to display, how
vegetation of the late Pleistocene relates to modern vegetation
types.

4. Results and interpretation

The macrofossil analysis of several thousand identifiable plant
remains revealed 61 vascular plant taxa from 23 families (Appendix
A.2). The analysis of charcoal remains yielded 5 species. Pollen
analysis accounted for 24 taxa from 1492 identified grains
(Appendix A.3). Among invertebrates, 102 taxa were identified
(Appendix A.4).

Most of the identified macro- and microfossils were found in
two organic-rich accumulations e the ground squirrel nest at a
depth of 4.6m bgs and the organic layer representing Unit III,
sampled in a depth of 43e44m bgs (Fig. 3). These two fossil as-
semblages give us a clear and comprehensive picture on compo-
sition and structure of the vegetation at the time of deposition and
allow for major conclusions about habitats, climate and other
environmental factors.

All other samples were poor in fossils or, partly, lacking any
identifiable remains. This applies to all proxies (pollen, macros and
invertebrates) and is obviously the result of varying accumulation
rates of the sediments that might have an effect on the fossil con-
centration and also the generally poor preservation of organic
material in the studied sediments. The overall poor preservation or,
respectively, the highly corroded state of the organicmaterial in our
samples is probably owed to mechanical forces, microbial decom-
position and, primarily, oxidation associated with the sediment
composition, which is dominated by sand. Sandy deposits are well
aerated and are therefore a good environment for the rapid decay of
organic matter.

We therefore focus first on the two obtained fossil-rich accu-
mulations. The ground squirrel nest was built, according to the AMS
radiocarbon dating, during the last cold stage (the onset of MIS 2).
Unit III was deposited during the last interglacial. Thus, the as-
semblages represent two major climate stages and are therefore
regarded as references for cold or warm stage conditions. We
exemplarily contrast local palaeo-vegetation and environmental
setting for both climate extremes and compare them to modern
plant communities and their respective environmental conditions.
Based on the reconstruction of the palaeo-vegetation from these
reference assemblages, we then extrapolate the results on the
remaining, fossil poor samples to provide more generalized infor-
mation on the history of vegetation throughout the sequence.

4.1. Vegetation of the last cold stage

The ancient nest preserved cold stage material in excellent
condition. The accessible part of the den had a size of about
20 cm� 12 cm and represented winter storage for hibernation of
the ground squirrel (Fig. 3b). Accordingly, it was stuffed with plant
material, mainly with inflorescences, fruits and seeds actively
gathered in the territory surrounding the den during the life time of
the rodent. The AMS 14C-dating of identified terrestrial herb re-
mains (Plantago sp., Artemisia sp.) and ground squirrel droppings
resulted in an age of 26.180± 0.22 ka BP (Poz-77152) or calibrated
30.915e29.828 ka BP (28.965e27.878 cal ka BC) with a probability
of 95.4% (OxCal version 4.2.4, Bronk Ramsey et al., 2013). For veri-
fication, we conducted a second AMS dating with the result of
25.620± 220 ka BP (Poz-87930) or 30.483 to 29.217 cal ka BP
(28.533e27.267 cal ka BC) with 95.4% probability. The nest was thus
built during a period of quick ice sheet growth and rapid sea level
fall towards LGM values (Clark et al., 2009; Lambeck et al., 2014)
likely correlated with massive global cooling at the onset of MIS 2
(Lambeck et al., 2014). Chronologically, this period of rapid cooling
and ice growth between 31 and 29 ka BP corresponds to Heinrich
event H3 (Lambeck et al., 2014). Owing to its age and excellent
preservation, the ground squirrel nest is a unique archive of
northern environments out of the range of glaciations during the
last rapid global cooling period.



Fig. 3. Reference samples position in the outcrop and view through the microscope. a e sample of Eemian Interglacial age; b e sample of the onset of the Last Glacial Maximum age
enclosed in the ground squirrel nest, the nest is about 12 cm� 20 cm; c e macrofossil assemblage of Eemian age; d e macrofossil assemblage of pre LGM age.
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Palynological analyses of material from the nest revealed, with
320 pollen grains, the highest recorded concentration of micro-
fossils in the whole sequence. More than half of the counted pollen
(51.4%) falls on Caryophyllaceae. Furthermore, we found a high
proportion of Artemisia (28.7%), other Asteraceae (11.0%), and a
lower amount of Cyperaceae, Poaceae (4.0%), Ranunculaceae,
Brassicaceae and ferns (0.3%). The pollen spectrum indicates open
vegetation, dominated by insect pollinated herbs. Since the pollen
was obtained from the cache, it probably originated largely from
the gathered inflorescences. Thus, it cannot be ruled out that the
pollen spectrum is biased and does not reflect the actual regional
vegetation at the lifetime of the ground squirrels. The high pro-
portion of Caryophyllaceae is reflected by macrofossils, which
consist to a large degree of Caryophyllaceae species like Silene
samojedorum, Stellaria sp. and Eremogone capillaris.

The identification of several thousand macrofossils in the
ground squirrel nest resulted in altogether 20 vascular plant taxa
(Fig. 4). This number is relatively low given the high abundance and
excellent preservation of the remains but it is in line with obser-
vations of modern arctic ground squirrels, which cache plant ma-
terial selectively. Modern ground squirrels in the Yukon were
observed to cache only 24 of more than 100 vascular plant species
growing in the proximity of the nest (Gillis et al., 2005). On the
other hand, plant species that are abundant in the nest do not
necessarily reflect the dominance of those plants in the local
vegetation (Zazula et al., 2007). The high proportion of nutritious
inflorescences and fruits, e.g. of Plantago canescens, Artemisia and
Silene samojedorum (syn. Lychnis sibirica) confirms the assumption
of selective harvesting by the ancient ground squirrels. Since only
the presence of diagnostic species and not abundances and
completeness of the species spectra was considered, the potentially
biased gathering of rodents does not foil the reconstruction of local
vegetation.

In Table 1, the identified plant taxa are listed according to their
synecological preferences, i.e. arranged in plant communities
(syntaxa) consistent with their present day occurrences. Following
these results, the local plant cover during the last cold stage was
composed almost exclusively of grassland vegetation representing
analogues of modern Siberian steppes. The most abundant remains
originated from dicotyledonous steppe plants such as Silene
samojedorum (syn. Lychnis sibirica), Plantago canescens, Artemisia
sp., Alyssum obovatum, Tephroseris integrifolia, Eritrichium villosum
and Eremogone capillaris. Phlox sibirica and Potentilla arenosa were
present in low abundance. Grasses were also present, however in
lower quantity than dicots. We found Agropyron cristatum, Festuca
cf. lenensis, Koeleria cf. pyramidata, and Poa sp. All of the listed plant
taxa are characteristic of steppes. The arctic ground squirrel (Uro-
citellus parryii) in itself is an indicator of Pleistocene steppe like
vegetation (Zazula et al., 2006).

Following the phytosociological classification of modern extra-
zonal steppe vegetation and co-occurring grasslands in Yakutia
(Reinecke et al., 2017), we integrate our reconstructed palaeo-
steppes in the class Cleistogenetea squarrosae Mirkin et al., 1992.
Only in recent years, the floristic differences between East andWest



Fig. 4. Macrofossils of vascular plants characteristic for cold stage vegetation at Batagay, the Yana Highlands. (1) Selaginella sibirica megaspore; (2) Agropyron cristatum floret; (3)
Koeleria sp. floret; (4) Festuca sp. floret; (5) and (6) Festuca sp. spikelet fragments; (7) Carex duriuscula nutlet; (8) Stellaria sp. seed; (9) Stellaria sp. calyx with opened capsule; (10)
Eremogone capillaris open capsule; (11) Eremogone capillaris capsule fragment with unripe seeds attached; (12) Eremogone capillaris seeds; (13) Silene samojedorum calyx with closed
capsule; (14) Silene samojedorum seed; (15) Ranunculus pedatifidus ssp. affinis nutlet; (16) Alyssum obovatum leaf with characteristic stellate hair; (17) Alyssum obovatum seed; (18)
Smelovskia sp. seed fragment; (19) Empetrum nigrum leaf; (20) Phlox sibirica capsule valve; (21) Myosotis asiatica flower; (22) Myosotis asiatica mericarp; (23) Eritrichium villosum
mericarp; (24) Plantago canescens seed; (25) Plantago canescens capsule; (26) Artemisia sp. flower; (27) Artemisia sp. cypsela; (28) Tephroseris integrifolia cypsela.
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Table 1
List of identified plant macrofossils and their grouping into plant communities (syntaxa) in line with their ecological preferences and present day occurrences.
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Eurasian steppes were taken into account in the phytosociological
classification of northern Siberia. Typical steppes of West Eurasia
are now subsumed under Festuco-Brometea, whereas the Eastern
steppes belong to Cleistogeneta squarrosae (Ermakov et al., 2006).
Earlier publications (e.g. Kienast et al., 2005) assigned recon-
structed Yakutian palaeo-steppe communities to the classes Fes-
tuco-Brometea and Koelerio-Corynephoretea following the European
phytosociological nomenclature. This is erroneous given that
Eastern steppes of Mongolia and Transbaikalia, and their Yakutian
outposts, differ in floristic composition from European and West
Siberian steppes and therefore belong to another floristic region -
the Central Siberian or Mongolian-Daurian floristic region and its
vegetation (Hilbig, 1995; Meusel et al., 1965).

The results of the ordination analysis provide an overview of the
patterns in modern vegetation samples. The two main axes of the
DCA (Fig. 5a) separate steppes in the lower right corner from
meadows in the top left, and from taiga as well as tundra steppe in
the lower left corner. These differentiations can be attributed to
differences in continentality, slope inclination and SW-exposition,
which were higher in steppes, and to differences in annual and
summer precipitation, summer temperature and heat load, which
increase towards meadows and steppes. Fig. 5b gives the same
ordination, but additionally shows axis 3 that separates taiga from
tundra steppe plots. The ordination thus displays two divergent
gradients from steppes (yellow) to light taiga (dark green) and from
steppes over meadows (light green) to tundra steppe (blue). This
roughly reflects a gradient of increasing moisture availability from
the right to the left and increasing temperature from the top to the
bottom. We also overlaid the corresponding species data. Species
names corresponding to the LGM sample of the palaeo-record are
Fig. 5. Bi-plot of the DCA ordination (Fig. 5 a shows axis 1 and 2; Fig. 5 b shows axis 1 and 3
environmental variables (ANNUTEMP¼mean annual temperature; ANNUPREC¼ annual pr
WINTPREC¼winter precipitation; CONTI¼ continentality (annual temperature range); P
NORTH¼ northern ess (aspect); EAST¼easterness (aspect); SLOPE¼ slope inclination; HEA
obotanic comparison are shown (taiga, mesic meadows, steppe and tundra steppe. Species a
cold stage (blue), last warm stage (red) or both cold and warm stages (black). (For interpreta
of this article.)
coloured in blue. In today's vegetation these species clustered
mostly in the area of actual steppes (Koeleria pyramidata [KoelPyr],
Agropyron cristatum [AgroCri], Alyssym obovatum [AlysObo], Eri-
trichium villosum [EritVil], Plantago canescens [PlantCan], Eremo-
gone capillaris [EremCap], Myosotis sp. [MyosSpe], Phlox sibirica
[PhloSib]) as well as in the actual tundra steppe (Tephroseris
integrifolia [TephInt], Myosotis asiatica [MyosAsi]). However, single
species of modern light taiga occurred in the palaeorecord of the
cold stage as well (Empetrum nigrum [EmpNig], Ranunculus ped-
atifidus subsp. affinis [RanuPet]). Names of the species of the warm
stage (Eemian) of the palaeo-record species are coloured in red.
Today these species are associated with samples of modern light
taiga (Moehringia laterifolia [MoehLat], Equisetum scirpoides
[EqiSci], Rosa acicularis [RosaAci], Rubus idaea [RubuIda], Betula sp.
[Betula sp], Urtica dioica [UrtiDio], Chenopodium album [ChenAlb])
and meadow vegetation (Silene repens [SileRep], Puccinellia
hauptiana [PuccHaup],Minuartia verna [MinuVer], Chenopodium sp.
[ChenSpe]), although some species of modern steppe (Carex dur-
iuscula [CareDur], Potentilla tollii [PoteTol], Stellaria jacutica [Stel-
Jac]) and tundra steppe (Minuartia rubella [MinuRub], Ledum
palustre [LeduPal]) occur in the palaeorecord of the warm stage as
well.

The Eastern steppes of Yakutia (Cleistogenetea squarrosae)
comprise two orders e the true steppes Stipetalia krylovii and the
meadow steppes Festucetalia lenensis. True steppes (Stipetalia kry-
lovii) are dominated by steppe grasses. Meadow steppes (Festuce-
talia lenensis) in contrast are dominated by forbs. The fossil
assemblage of the ancient ground squirrel nest was clearly domi-
nated by herbaceous dicotyledons, i.e. forbs. Consequently, the
palaeo-steppe community around the den can be interpreted as
) of 210 vegetation plots using recent plant species composition with post hoc-fitting of
ecipitation; SUMMTEMP¼ summer temperature; SUMMPREC¼ summer precipitation;
RECSAIS¼ precipitation seasonality; all macroclimatic variables from WORLDCLIM.
TLOAD ¼ Heat load). Only plots of the most relevant vegetation types for the palae-
re coloured according to their respective occurrence in the palaeo-botanic record: last
tion of species names used in these DCA plots, the reader is referred to the Web version



K. Ashastina et al. / Quaternary Science Reviews 196 (2018) 38e6148
meadow steppes of the order Festucetalia lenensis. Modernmeadow
steppes within the zonal steppe belt primarily occur in northern or
elevated areas that are not as dry as true steppes and are often
interlocked with herb-rich larch groves (Hilbig, 2000). True steppes
(Stipetalia) have today their northernmost occurrence in Central
Yakutia. The modern relict steppes north of Central Yakutia, also
those in the Yana highlands, are meadow steppes (Festucetalia).

Besides the listed steppe plants, we identified few other grass-
land species that are characteristic of dry arctic or, correspondingly,
alpine meadows of the class Carici rupestris-Kobresietea bellardii
OHBA 1974. Only Ranunculus pedatifidus subsp. affinis and Myosotis
asiatica could be detected. Eventually, the dwarf shrub Empetrum
nigrum might also have occurred in Kobresietea vegetation or,
alternatively, in the understorey of open light taiga stands. Kobre-
sietea communities form the dominant vegetation in the alpine belt
of mountains, i.e. the zone above the tree line. In the Arctic, they are
today restricted to dry, exposed, well-drained sites and they are
absent in zonal lowland habitats, which are characterized by
waterlogged ground due to the damming effect of the permafrost
table. Kobresietea vegetation is regarded as a modern analogue of
Pleistocene palaeo-vegetation (Walker et al., 2001) and it is equated
with tundra steppes (Yurtsev, 1982; Reinecke et al., 2017) e a
designation that is accepted also in the present paper. In earlier
descriptions of reconstructed palaeo-vegetation, tundra-steppe
was described simply as Kobresia-meadows or Kobresia-mats
(Kienast et al., 2005, 2011).

Besides the described steppe plants, we also detected remains of
larch (Larix gmellinii), which were later AMS dated separately. The
larch remains turned out to be modern and apparently represent
modern contamination. They likely entered the sample during
taking the sample in the field. The entomological composition in
the nest suggests that the detected insects were either occasional
visitors, which might have used the den as a shelter. Or some of
them might also be randomly collected by the ground squirrels
together with plant material (Fig. 6). Few more or less complete
specimens of lace bug (Tingidae), the weevil Phyllobius kolymensis,
and an ant-like beetle Anthicus ater, as well as fragments of flies and
parasitic wasps were detected. Anthicus ater occurs in meadows
within the forest zone and Phyllobius kolymensis is an indicator of
meadow-steppe vegetation (Sher and Kuzmina, 2007). The detec-
tion of both species supports the palaeobotanical results.

In addition, there were numerous tiny larva heads probably
from small round fungus beetles (Leiodidae), which can be
considered as regular nest inhabitants. Many of the so-called nest-
beetles in the subfamily Cholevinaewithin the Leiodidae are typical
occupants of mammal nests. Larvae of rove beetles (Staphylinidae)
and carrion beetles (Silphidae) were present as well and can also be
regarded as nest occupants.

In summary, the palaeontological results suggest that steppe
grassland made up the vegetation indicating dry conditions during
the cold stage. The openness of vegetation might be not only the
result of climate but it might also be caused by frequent distur-
bances of vegetation due to grazing and trampling by herbivores.
Grazing supports grassland vegetation. Plantago canescens has a
certain affinity to open, disturbed ground. Its abundance in the
record might be a clue of frequent disturbances. Papaver sect. Sca-
piflora is another plant characteristic of barren or disturbed ground.
Both taxa were recorded in the sample, Plantago canescens was
even among the most abundant plant species in the record.

4.2. Vegetation of the last interglacial

Three samples representative for the last interglacial are
available from the Batagay outcrop at section B. These reference
samples were taken from Unit III in the lower part of an organic
accumulation representing the fill of a former depression, in a
depth of 43e44m bgs. Direct radiocarbon dating of the sampled
material resulted in an indefinite age of >44 ka BP (Poz-66024). A
definite OSL date of 142.8± 25.3 kawas obtained from sediments of
Unit IV underlying the sampled deposits (Ashastina et al., 2017).
Unit III is located directly below the YIC; i.e. below deposits of the
last cold stage. Owing to its position between the YIC and deposits
that were OSL-dated to about 143 ka BP, the organic Unit III is to be
regarded originating from the last interglacial (130 ka - 115 ka BP,
Eemian, Kazantsevo).

Since the three samples of organic debris appeared in a fine
bedding alternating with silty fine sand beds, they might reflect a
vegetational succession. The sampled material was very rich in
macroscopic plant remains (Fig. 7). Remarkably, the samples were,
however, nearly devoid of pollen. Just two and, respectively, five
grains were detected at depths of 43.5 and 44m bgs.

The identification of plant macrofossils resulted in 34 taxa. The
most abundant remains originate fromwoody plants characteristic
for northern taiga forests. Accordingly, the stand-forming trees
were larch as well as tree birches (Betula pendula or B. platyphylla,
which are treated as synonymous in Flora of Siberia). Beside several
fruit scales unambiguously from Betula pendula, there were hun-
dreds of Betula fruits with eroded wings, which could not be
assigned with certainty to a definite species. A large part of them
probably originated from shrub birches as they were detected in
deposits of the last interglacial along the coast (Kienast et al., 2008,
2011). Given the current frequency of shrub birch in the under-
storey of northern taiga forests in Yakutia and its abundance
directly at the exposure today, it is more than likely that shrub birch
was also present at the site during the Eemian. Shrub alder (Alnus
alnobetula subsp. fruticosa) could be reliably identified in large
quantity. The frequency of shrub alder in the vegetation of the last
interglacial is corroborated by numerous nodules of the actino-
mycete bacterium Frankia alni that is a nitrogen-fixing symbiont of
Alnus. High numbers of seeds from Rubus idaeus indicate that
raspberry was an abundant element of the shrub layer. Also the
former presence of Rosa acicularis is verified by macrofossils.
Additionally, few leaf fragments and buds from Salix sp. were
identified. The dwarf shrub Ledum palustre and the herbMoehringia
laterifolia as characteristic components of the understorey in taiga
forests were likewise detected. Pinus pumila was not found in the
rich and well preserved macrofossil assemblage indicating that this
species was very likely absent. This is an important difference to the
modern vegetation, where the Siberian dwarf pine is very common
at the site.

High amounts of charcoal in the sediment indicate the spread of
wild fire events during the last interglacial. More than 500 charcoal
pieces were found within the sample from 43m bgs. Their size
varied from 1mm to 2 cm. The identification of charcoal resulted in
typical forest taxa: Betula sp., Larix sp. (burned needles, cone
fragments, Fig. 8), Salix sp., Equisetum sp., Ericaceae cf. Ledum sp., as
well as stems of herbs. Wildfires might be a reason for the differ-
ence in species composition to the modern day taiga at the site.
Betula pendula does not occur today at the exposure but was
common during the last interglacial. It is a characteristic pioneer
wood whose dispersal is stimulated by wildfires. Also, Rubus idaeus
does not occur today but was common in the fossil assemblage. It
likewise frequently occurs in forest glades after wildfires. It seems
that disturbances of the plant cover, e.g. by fire action, played a
crucial role for composition, structure and dynamic of the
ecosystem at this time. The presence of other disturbance



Fig. 6. Insects from Batagay site: 1e87 beetles: 1e3 - head, pronotum, elytron of Cymindis arctica; 4 e pronotum of Poecilus nearcticus; 5 - elytron of Pterostichus montanus; 6e10:
head, pronotum, left and right elytra, male genitalia of Harpalus amputatus obtusus; 11 e elytra of Pterostichus pinguedineus; 12, 13 e pronotum, elytra of P. brevicornis; 14e16 e

head, pronotum, elytra of Dyschiriodes melancholicus; 17 - elytron of Bembidion umiatense; 18 - elytron of Dicheirotrichus mannerheimi; 19, 20 - pronotum, elytra of Cyrtoplastus
irregularis; 21 e pronotum of Cholevinus sibiricus; 22 e elytron of Colon sp.; 23 e head of Aleocharinae gen. indet.; 24 e elytra of Phosphuga atrata; 25e27 - head, pronotum, elytron
of Atheta sp.; 28, 29 e pronotum, elytra of Arpedium quadrum; 30, 31 e pronotum, elytron of Lathrobium cf. longulum; 32, 33 - pronotum, elytron of Tachyporus sp.; 34e39 - meso
and metasternum, elytron, head, pronotum, thorax and abdomen, elytron of two or three species of Stenus sp.; 40, 41 e pronotum, leg of Aphodius sp.; 42e51 e head, mandible,
prosternum, meso and metasternum, pronotum, metacoxa, leg, abdominal sternites, elytron of Morychus viridis; 52 e elytron of Simplocaria elongata; 53 e head and pronotum of
Ptinus sp.; 54 e elytron of Stephanopachys substriatus; 55 e pronotum of Troglocollops arcticus; 56 e pronotum of Atomaria kamtschatica; 57 e elytron of Cryptophagus acutangulus;
58 - elytron of Caenoscelis ferruginea; 59 e pronotum of Scymnus sp.; 60 e elytron of Nephus bipunctatus; 61 - elytron of Heterocerus sp.; 62 e elytron of Anthicus ater; 63 - elytron of
Meligethes sp.; 64, 65 - pronotum, elytron of Corticaria ferruginea; 66, 67 e head and pronotum, elytron of C. rubripes; 68 - elytron of Leptophloeus angustulus; 69 - elytron of Altica
engstromi; 70, 71 - head and pronotum, elytron of Bromius obscurus; 72 - elytron of Chrysolina arctica; 73 - elytron of Liophloeus tessulatus; 74e77 e head, pronotum, meso,
metasternum and abominal sternites, leg of Stephanocleonus eruditus; 78 e head of S. incertus; 79, 80 e head, pronotum of Phyllobius virideaeris; 81 - head with deciduous mandible
of Phyllobius (Angarophyllobius) sp.; 82, 83 e head, elytron of P. kolymensis; 84 - head of Rhynchaenus sp.; 85, 86 e head, pronotum of Hypera diversipunctata; 87 e elytron of
Dorytomus rufulus amplipennis. 88e92: hemipterans: 88 e pronotum of Eurygaster sp.; 89 - scutellum of Aelia sp.; 90 e whole body of Tingidae gen. indet; 91 e elytron of Saldula
sp.; 92 e head of Cicadellidae gen. indet. 93e102: ants: 93, 94 e head, thorax of Leptothorax acervorum; 95e102 e thorax, pronotum, femur, coxa, tergite, head of major worker,
mandible of major worker, head of minor worker of Camponotus herculeanus. 104e106 dipterans: 104e106 e two pupae, leg, head of Diptera gen. indet.; head of Tipulidae gen.
indet. (larvae). 108 - wing pad of Ephemeroptera gen. indet. 109e114: non-insect invertebrates: 109e111 e cephalothorax with leg, cephalothorax, leg of Araneae gen. indet.; 112 e

whole body of Daphnia sp.; 113 e cocoon of earthworm Lumbricidae gen. indet.; 114 e egg of worm Nematode gen. indet.
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Fig. 7. Macrofossils of vascular plants characteristic for last interglacial vegetation at Batagay, the Yana Highlands. (1) Larix gmelinii fascicle (short shoot); (2) Larix gmelinii needle;
(3) Larix gmelinii cone; (for 1e3, note the smaller scale bar); (4) Larix gmelinii seed; (5) Puccinellia sp. caryopsis; (6) Alnus alnobetula subsp. fruticosa catkin bract; (7) Alnus alnobetula
subsp. fruticosa catkin rachis; (8) Betula pendula catkin bract; (9) Betula sp. nutlet; (10) Urtica dioica seed; (11) Chenopodium sp. seed; (12) Corispermum crassifolium seed; (13)
Stellaria jacutica seed; (14) Moehringia laterifolia seed; (15) Silene repens seed; (16) Rubus idaeus inflorescence; (note the smaller scale); (17) Rubus idaeus aggregated drupelets
forming part of etaerio; (18) Rubus idaeus pyrene; (19) Potentilla tollii nutlet; (20) Rosa acicularis nutlet; (21) Ledum palustre leaf; (22) Vaccinium vitis-idaea leaf; (23) Erigeron acris
cypsela; (24) Sonchus arvensis cypsela.
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Fig. 8. Examples of charcoal cellular structures typical for: a e Larix sp., b e Betula sp. Diameter of both twigs is 1mm.
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indicators supports this assumption.
The nitrophytic ruderal plant Urtica dioica was found in high

abundance. The nettle's high demand for nutrients, first of all ni-
trogen, and its defensive strategy against herbivory might be an
indication for the presence of large mammals. The plant is e.g.
characteristic for dung or resting places of large herbivores.
Zoogenic disturbances like grazing, trampling and wallowing by
herbivores have in general a great impact on vegetation resulting in
a mosaic-like structure, more openness and higher diversity
(Johnson, 2009) stimulating the spread of pioneer plants. The di-
versity of ruderal plants including Hordeum jubatum, Corispermum
crassifolium, Sonchus arvensis, Chenopodium sp., Corydalis sibirica
and Papaver sect. Scapiflora in the assemblage of the last interglacial
is an indication of locally disturbed ground. It thus is in contrast to
the recent ground cover at the site with a thick layer of lichens and
mosses. Lichens and mosses are not able to withstand disturbances
(Zimov et al., 1995). Cryptogams effectively decrease evapotrans-
piration and thus potentially cause wet ground even under low
precipitation. The detection of diverse xerophilous vascular plants
such as Silene repens, S. samojedorum, Potentilla arenosa, Comastoma
tenellum, Erigeron acris, Thymus sp., Artemisia sp., Festuca sp., Poa
sp., and the endemic species Potentilla tollii indicate open and
locally dry habitats existing in the area also during the Eemian. It
seems that steppe vegetation continuously existed in the Yana
Highlands already before the last cold stage and thus persisted
throughout the late Pleistocene. Even potentially productive
grasses such as Festuca sp., Poa sp. and Puccinellia sp. possibly
serving as forage for large herbivores were present. Puccinellia sp. is
typical of saline meadows in closed basins with fluctuating mois-
ture, as they occur under arid conditions in continental regions.
Beside Puccinellia ap., also the ruderals Chenopodium sp., Erigeron
acris and Sonchus arvensis are salt-tolerant.

As in the cold-stage ground squirrel nest, we found in the de-
posits of Unit III numerous droppings of rodents, which were
however considerably smaller than those of ground squirrels. We
therefore assume that they originate from small rodents of the
subfamily Arvicolinae that includes voles and lemmings, both
characteristic for taiga habitats.

Whereas differences in the percentage of open or forest habitat
species within the short sequence of plant assemblages within Unit
III are hard to discern, the fossil invertebrate assemblages slightly
varied within Unit III. The upper sample in a depth of 43m bgs
comprised 722 fragments of insects, spiders, oribatid mites, and
worms (Appendix A4). The calculated MNI is 198 belonging to 50
species in total. As many as of 32% of the assemblage consists of
forest taxa. Mainly carpenter ants Camponotus herculeanus
(Figs. 6.95e6.102), which nest inside rotten wood mostly in conif-
erous forest, were detected. Two other detected species are also
directly connected to forest trees. The carrion beetle Phosphuga
atrata lives under the bark of dead wood and the weevil Magdalis
carbonaria is limited to coniferous trees. Numerous cocoons of
earthworms indicate stable environmental conditions and soil
forming processes during the last interglacial. Several tiny cocoons,
probably originating from soil nematodes, as well as remains of
oribatidmites and fly pupae indirectly indicate pedogenesis aswell.
Abundant remains of plant litter inhabitants including several
species of the family Cryptophagidae such as Atomaria kamtscha-
tica, Cryptophagus acutangulus, and Caenoscelis ferruginea could be
identified. These beetles are common faunal elements in forests
and were so far rarely detected in Pleistocene deposits. According
to the rich and diverse association of forest and plant litter in-
vertebrates, a well-developed forest existed at the time of the last
interglacial.

Grassland species were by contrast rare in the upper sample of
Unit III. We found only a few fragments of weevils of the Cleonini
tribe (Coniocleonus or Stephanocleonus) and a shield bug (Eurygaster
sp.). These insects are regarded belonging to a group of meadow-
steppe species. The low taxonomical resolution of identification
is, however, insufficient to give more precise implications. The
usually most common steppe-tundra indicators of NE Siberia are
absent here.

The fossil arthropod assemblage from the lower sample in Unit
III in 43.5m bgs yielded 324 fragments of insects, spiders and
oribatid mites. The estimated MNI is 137 belonging to 37 species.
Most of the identified species do not indicate any certain habitat
but have broad ecological amplitude. The high percentage of this
indifferent group merely indicates that invertebrates were present
in relatively high diversity. The high number of oribatid mites and
fly pupae indirectly indicate soil formation in this layer as well.
Regular forest insects are not preserved in great diversity. The
carpenter ant Camponotus herculeanus, was present in relatively
high abundance. In addition, numerous fossil fragments of the rove
beetle genus Atheta were detected. Many species of this genus live
in mushrooms where they pray on fungus gnat larvae. The deduced
presence of mushrooms with their complex of abundant eaters and
predators is an indirect indication for a forest setting. As in the
upper sample, the insect assemblage comprises various plant litter
inhabitants such as several species of the families Leiodidae,



K. Ashastina et al. / Quaternary Science Reviews 196 (2018) 38e6152
Lathridiidae, and Staphylinidae. A well-developed plant litter cover
is a characteristic feature of forest environments. Wildfires in taiga
are indirectly indicated by the presence of the leaf beetle Bromius
obscuruswho feeds on fireweed (Epilobium angustifolium), which is
a pioneer plant that regularly occupies wildfire areas.

The presence of open vegetation within the ancient forest is in
the lower sample indicated by a number of regular meadow insects
such as a fossil leaf-hopper and the weevil Phyllobius virideaeris.
Some species found in the sample such as the pill beetle Morychus
viridis (Figs. 6.42e6.51), the soft-winged flower beetle Troglocollops
arcticus, the leaf beetle Chrysolina arctica, and the weevil Otio-
rhynchus cribrosicollis are characteristic for cold and dry (cryoxer-
ophilous) grassland vegetation, potentially in line with Kobresietea
communities.

Summarizing the results of plant and invertebrate analyses, we
can draw the following conclusions. A dry herb-rich light conif-
erous taigawith a pronounced plant litter cover existed at the study
site during the last interglacial. The long-term stability of warm
stage conditions resulted in soil-forming processes, which are
indicated by geobiontic invertebrates or soil-dwelling larvae. Plant
and insect species characteristic for open habitats point toward
frequent disturbances of the past vegetation as result of grazing
and/or fires during the last interglacial. Charcoal remains indicate
that wildfires were an important factor in the dynamics of Eemian
forest vegetation.
4.3. History of local vegetation and environment throughout the
sequence

The analysis of the two above-described fossil rich assemblages
that served as reference for the last cold stage and the last inter-
glacial formed the basis for the interpretation of the other samples.
In this way, also the less well preserved material revealed enough
information to reconstruct the development of vegetation and
environments for the entire sedimentation period. In contrast to
our previous top down approach for the sediment description in
the order of sampling, we proceed now chronologically, i.e. we start
with the oldest and conclude with the youngest.
4.3.1. Unit IV
The only available sample from the lower sand Unit IV, taken in

50m bgs, was, according to the only reliable OSL date of a sample in
47m bgs of 142.8± 25.3 ka, deposited during the Saalian cold stage
(MIS 6). The plant macrofossil compositionwith numerous remains
of drought adapted grasses (Koeleria sp., Festuca sp., Poa sp., Puc-
cinellia sp.) and steppe forbs (Alyssum obovatum, Artemisia sp.,
Eritrichium villosum, Papaver sp., and Potentilla spp.) indicates that
meadow steppes predominated at this time. Ruderal vegetation is
revealed by Chenopodium sp., Descurainia sophioides and Draba sp.
The presence of snow hare (Lepus timidus) detected by its dropping
is an indirect indication for open landscape. Few needles of larch
and a leave of Ledum palustre indicate the scattered presence of
trees and boreal dwarf shrubs in the Yana Highlands already at the
penultimate cold stage suggesting that northern tree refugia
possibly existed there before the last interglacial. No pollen grains
were found in this sample, probably due to different accumulation
rates of pollen and plant remains. The sample included only three
fragments from two insect species: a weevil Coniocleonus sp.
characteristic of meadow-steppes and a leafhopper, which can live
in various types of grassland. Altogether, the plant and insect
composition of the only sample in Unit IV indicates that meadow-
steppe vegetation existed under dry conditions in the cold stage
prior to the last interglacial. Generally, the vegetation of the
penultimate cold stage resembled last cold stagemeadow steppe as
reconstructed on the basis of the reference sample from the ground
squirrel nest.
4.3.2. Unit III
The vegetation reconstructed for Unit III as a reference for

Pleistocene warm stage conditions was already described in detail.
Accordingly, light coniferous taiga with evident plant litter and soil
formation existed at the study site during the last interglacial.
Numerous xerophilous plants and invertebrates indicate that
patches of steppe vegetation persisted throughout the MIS 5 sug-
gesting the existence of a mosaic of woodland and open habitats.
This mosaic might have been the result of frequent disturbances of
the plant cover due to grazing and/or wildfires as is indicated by
abundant charcoal remains.
4.3.3. Unit II
Unit II represents the YIC. Ice complex deposits form under

glacial conditions. The YIC was deposited during the Weichselian
cold stage (MIS 4 to 2). The majority of the studied samples,
including those from the lower part of the YIC, originate from
section C in the eastern portion of the cirque. Only a small number
of samples of Unit II were taken from section A in the western part
of the exposure. First, we describe the sequence of fossil records in
section C. The plant macrofossil records in the lower section of Unit
II at depths between 42.5 and 38.5m bgs are scarce and dominated
by few xerophytic forbs and grasses such as Potentilla tollii, P. are-
nosa, Papaver sp. and Poa sp. Scattered larch needles were found at
depths of 40.5 and 41.5m bgs. The pollen content was mostly
insignificant. Only in the sample at 39.5m bgs, 75 pollen grains
were counted displaying the following composition: Ericales
(26.4%), Artemisia sp. (14.0%), Pinus subgen. Diploxylon or tree pine
(14.0%), Caryophyllaceae (9.9%), Cyperaceae (8.8%), Poaceae (2.2%).
Pinus sp. produces 10e80 kg pollen per hectare annually (Birks and
Birks, 1980). This productivity suggests that the detected pollen
don't represent the local presence of Pinus sp, but was likely
dispersed over long-distance.

157 fossils of invertebrates belonging to 50 taxa were found in
this section, mainly characteristic of open, dry habitats including
typical representatives of the Pleistocene tundra-steppe: the
ground beetles Harpalus amputatus obtusus and Cymindis arctica,
the pill beetle Morychus viridis, and the weevils Stephanocleonus
eruditus and S. incertus. Forest or shrub inhabitants were not
detected. Only a few rove beetles occurring in plant litter could be
found. Among the invertebrates of other habitats, leaf-hoppers,
spiders, fly pupae, one aquatic beetle and Daphnia ephippia were
detected. The latter two taxa thus suggest the presence of small
water ponds. The fossil records display a shift from the more hu-
mid Eemian climate with light coniferous woodland and inter-
twining steppe patches to dryer cold stage conditions with
predominating dry open grassland interlocked with scattered
woodland.

In the section between 37.5m bgs, and 35.5m bgs primarily
plant macrofossils from xerophilous forbs like Potentilla tollii,
Artemisia sp., Phlox sibirica, and Silene repens as well as the ruderals
Lepidium densiflorum and Descurainia sophioides could be identi-
fied. Descurainia sophioides is a moist site pioneer that occupies
disturbed and overgrazed areas (McKendrick, 2000). At 36.5m bgs,
arctic petrophytic pioneers, e.g. Papaver Sect. Scapiflora and Sme-
lovskia sp. (sensu Al-Shehbaz and Warwick (2006), who integrated
Gorodkovia, Redowskia and Hedinia into the genus Smelowskia)
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were found. Smelowskia jacutica (formerly Gorodkovia jacutica) still
occurs in the study area today and is therefore most probably
represented by fossil seeds. We also identified few grasses like Poa
sp. and Puccinellia sp. The plant species detected in this section
indicate arid conditions and constitute steppe and meadow vege-
tation. Also woody plants such as tree birch (Betula Subgenus
Betula) and shrub alder (Alnus alnobetula subsp. fruticosa) were
identified in this section; larchwas not detected. Due to the scarcity
of the fossils, it is difficult to resolvewhether larchwas really absent
at the time of deposition of this section or whether its remains are
merely not preserved in the studied sample. Invertebrates were
absent in this section.

The macrofossil assemblage in the section between 34.5 and
32.5m bgs contained again woody taxa represented by Larix gme-
linii and dwarf shrubs (Empetrum nigrum, Vaccinium vitis-idaea) in
the undergrowth as well as petrophytic arctic pioneers. The pres-
ence of e.g. Silene repens, Draba sp., Saxifraga sp., and Juncus sp.
suggests that there was no continuous taiga but more or less open
vegetation intercalated with small groves. The pollen counts of
276e298 grains per sample in the section at 32.0e32.5m bgs are
quite rich. The palynological results show a dominance of taxa
characteristic of boreal vegetation: Ericales, Betulaceae, and Pina-
ceae (Fig. A.3.1). However, also the presence of xerophytic and
cryophytic taxa is noticeable: Artemisia (6.0e12.0%), Car-
yophyllaceae (5.0e6.1%), Cyperaceae (4.6%). Among woody taxa,
pollen of Picea and Pinus deserve special attention. Pollen of Picea
sp. (4.0%), Pinus sp. (2.1%) and Abies sp. are present at 32.5m bgs. In
the sample half a meter above, the percentage of Pinus pollen
increased up to 7.3%, Picea decreases to a single grain and Abies
pollen is absent. The presence of exotic or, respectively, Tertiary tree
pollen points to partial re-deposition of the sediments between
32.5 and 32m bgs. Forested habitats are indicated by macrofossils
of plants and invertebrates, which both indicate the actual condi-
tions at the time of accumulation. The sample from 32.5m bgs
contained 65 fragments (26 individuals) which belong to 11 species
of insects and oribatid mites. We found the ground beetle Pter-
ostichus brevicornis, which occurs in wet tundra and boggy forests,
the riparian ladybird Hippodamia arctica, several plant litter species
such as Arpedium quadrum and Corticaria sp. as well as the auger
beetle Stephanopachys substriatus and the ant Camponotus hercu-
leanus, which are strictly bound to forest environments. Steppe
insects were not found in this section, what makes the assemblage
remarkably different from the interval in 42e38.5m bgs, which
was assumedly deposited during the Early Weichselian. The ento-
mological results indicate a northern forest or forest-tundra envi-
ronment. In view of the scarce fossil content, this reconstruction
must be treated with caution.

In the long section from 31.5 to 20.5m bgs, the studied deposits
were poor in all kinds of fossil material and almost devoid of plant
remains. A single seed of the Fabaceae tribe Galegeae (cf. Oxytropis
sp.) could be identified; a macrofossil-based vegetation recon-
struction is therefore not possible for this depth interval. There are,
however, two samples in 29m and 27.5m depths that yielded a
sufficient number of invertebrate remains. The insect assemblage
in the sample in 29.0m bgs contains forest species like the lined
flat bark beetle Leptophloeus angustulus and plant litter species
(Cryptophagus sp.) and, at the same time, the steppe weevil Ste-
phanocleonus eruditus. The sample from 27.5m bgs yielded only 14
fragments exclusively of steppe species (Cymindis arctica) and the
cryo-steppes species Morychus viridis. Pollen are largely absent at
the lower part of the interval. The only sample with reliable pollen
counts in 22m depth yielded a spectrum of 235 pollen grains
composed of Artemisia (20.0%), Caryophyllaceae (18.8%), other
herbs and grasses (14.6%), Cyperaceae (12.4%), Selaginella rupestris
(5.4%), Asteraceae (4.1%), Ranunculaceae, Saxifraga sp., Poaceae
(2.2%), Larix sp. (less than 1.0%), Salix sp., Betula sp., Alnus fruticosa,
Ericales, and others. Given the small amount of tree pine pollen
(less than 1.0%) it is unlikely that Pinus sp. occurred in this area, its
pollenwas likely wind-transported over far distances. At a depth of
20.5m bgs, only 11 pollen grains were found, reflecting xerophytic
vegetation cover. The poorly preserved entomological and pollen
analyses in the depth interval from 31.5 to 20.5m bgs, in summary,
yielded inconsistent indications from forest to xerophytic grass-
sedge vegetation, possibly reflecting the concurrent presence of
woodland and grassland at the transition from late Early to Middle
Weichselian.

For the section from 19.5 to 12.5m bgs, several AMS 14C dates
between 48 and 51 ka BP are available; we assume that this narrow
age range is a result of the limit of the dating method. The obtained
ages thus must be used with care. The studied samples might
represent the early Middle Weichselian. According to the identifi-
cations of the poorly preserved plant macrofossils, dry open ground
indicators like steppe forbs (Artemisia sp., Potentilla arenosa, P. tollii,
Alyssum obovatum, Silene samojedorum, Eremogone capillaris) and
graminoids (Poa sp., Festuca sp.) dominated the plant cover
together with the cryophytic pioneer plant Papaver Sect. Scapiflora.
The steppe sedge Carex duriuscula is an indication of overgrazing
and heavily disturbed ground (Hilbig, 1995). Megaspores of Selag-
inella rupestris confirm the indication of dry and exposed ground.
Scattered dwarf shrubs such as Vaccinium vitis-idea, Ledum palustre
and the boreal dwarf horsetail Equisetum scirpoides occurred at this
time as well.

The pollen analysis of this depth interval is based on grain
counts from 25 to 171 per sample. The upper palynological spectra
(19.5m bgs) is dominated by spores from Selaginella rupestris
(32.6%), ferns (7.3%), as well as pollen of Cyperaceae (6.3%) and
Artemisia, pointing to a mixture of pioneer vegetation and dry
grassland vegetation. The spectrum at 18.5m bgs is dominated by
pollen of Caryophyllaceae (47.0%) and other herbs (18.0%) along
with 8,8% pollen of woody taxa: Betula sp., Salix sp., Alnus alnobetula
subsp. fruticosa and Pinus sp. indicating an open drought adapted
vegetationwith scattered groves. At 16.5m bgs, Selaginella rupestris
becomes dominant in the palynological complex (43.5%), along
with Cyperaceae 17.6%, Salix sp., Caryophyllaceae, and Asteraceae,
which share together 9.3%, reflecting again an open steppe-like
environment. Invertebrate remains were found in several depths
of this section. The insect assemblage from 19.5m depth bgs
sharply differs from all other samples of the sequence as it contains
the highest number of chitin fragments (513). However, MNI is only
60 and the species diversity is with only 9 species very poor. We
could identify numerous sclerites including legs and mandibles of
only a single species e Morychus viridis (Figs. 6.42e6.51). Morychus
viridis occurs today in relictic, cold, very dry, exposed and snow-less
‘sedge-steppes’, mainly composed of Carex argunensis (an East Si-
berian vicariant of C. rupestris) exclusively in NE-Siberia (Berman,
1990; Sher and Kuzmina, 2007). This species can therefore be
regarded characteristic of Carici rupestris - Kobresietea commu-
nities. Found in the majority of Northeast Siberian fossil assem-
blages, often in very high numbers, this pill beetle is a symbol of the
Pleistocene mammoth steppe in Western Beringia (Sher and
Kuzmina, 2007). Most of the other detected species are also
typical for the Pleistocene mammoth steppe: the steppe species
Stephanocleonus eruditus and Cymindis arctica; the xerophilous
tundra weevil Hypera diversipunctata, the ground beetle Poecilus
nearcticus and the dung beetle Aphodius sp. The abundance of plant
litter insects and oribatid mites is an unusual feature of the
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assemblage as it is inconsistent with dry, exposed ground indicated
by the mammoth-steppe representatives. The taphocenosis thus
represents a mosaic of several different habitats.

The assemblages from the samples between 19.5 and 12.5m bgs
consisted, beside scattered terrestrial steppe-tundra species,
almost exclusively of aquatic invertebrates, such as caddisfly larvae
and Daphnia, indicating the presence of an ephemeral small water
body. Altogether, the combined proxy data of plant macrofossils,
pollen and insects indicate predominating steppe and Kobresietea
vegetation on very dry, exposed, open ground. The relative portion
of dry grassland, open-ground pioneer vegetation and small ponds,
probably in centres of polygons, changed in association with the
local topographic conditions in this interval of the Middle
Weichselian.

The uppermost part of unit II at section C in depths of 11.5e8.5m
bgs, provided three fossil assemblages suitable for vegetation
reconstruction. Only scattered plant macrofossils are present in the
samples at 11.5 and 10.5m bgs. They prove the presence of boreal
taxa, e.g. Larix gmelinii and Vaccinium vitis-idaea, as well as Equi-
setum scirpoides. The Arctic pioneer plant Papaver Sect. Scapiflora
and the spike moss Selaginella rupestris indicate the presence of dry
and exposed sites. The sample in 8.5m depth bgs was AMS 14C-
dated to about 12.6 ka BP (14.919e15.209 cal ka BP) and comprised
very few plant macrofossils of shrubs and dwarf shrubs, i.e. Salix sp.
and Vaccinium vitis-idaea, as well as Equisetum scirpoides and the
moss Aulacomnium turgidum. According to the radiocarbon date,
the assemblage was deposited at the end of the last glacial period
and is therefore regarded the youngest fossil assemblage of the
entire profile. The four identified plant taxa are all representative of
northern boreal woodland vegetation. The palynological complex
from this sample embodies only 52 grains for the analysis. The
dominance of Selaginella rupestris spores and the scattered pres-
ence of Cyperaceae, Caryophyllaceae, and Asteraceae pollen sug-
gest open, exposed ground.

The remaining samples were taken from the upper part of the
YIC in section A, located in the western part of the thermoerosional
cirque (Fig. 1d). The sample depths between sections A and C are
not directly comparable because the elevation of the ground sur-
face as reference point differs between the sampled sections. The
same is true for the age of the sediments; e.g., the youngest sample
in section C dated to the end of the last glacial was taken at a greater
distance from the ground surface than the older reference sample
from the ground squirrel nest in section A. The difference in
elevation of the scarp at the opposite sections might be due to
uneven inclination of the ground surface as well as differing sedi-
mentological facies and erosional events. Ashastina et al. (2017)
pointed out that, in order to understand the nature of these un-
conformities, additional sedimentological and dating analyses are
necessary.

The composition of the scarce plant macrofossil assemblage
about 1m below the pre-LGM reference sample in 5.5m bgs in-
cludes the steppe species Silene samojedorum, Carex duriuscula and
the halophyte Rumex maritimus as well as several needles of Larix
gmelinii. The palynological composition of the sample in 5.5m bgs,
represented by only 19 spores and pollen, contains one single
pollen grain of tree pine, which might have been transported over
far distances. More than two thirds of the spore and pollen sum is
represented by the open ground indicator Selaginella rupestris. In
addition, pollen of Caryophyllaceae and Asteraceae were detected
indicating open meadow-like vegetation.

The invertebrate assemblages in this depth interval are again
composed almost exclusively of aquatic invertebrates, such as
caddisfly larvae and Daphnia. Only scattered steppe-tundra insects
were detected. In summary, the combination of fossil indicators
reveals open vegetation with meadow-steppes and exposed
disturbed ground. The presence of small ephemeral ponds or
paddles is indicated by aquatic invertebrates and by the halophytic
nitrophilous pioneer Rumex maritimus, which is characteristic of
muddy sites in ponds and at lake shores periodically inundated and
drying out in summer due to high evaporation under arid climate.

The next upper sample is the fossil ground squirrel nest in 4.6m
bgs, which is, as reference assemblage for cold stage conditions,
described above in detail. According to the comprehensive palae-
ontological assemblage, grassland composed of meadow-steppes
complemented by few tundra-steppe representatives prevailed at
the study site indicating dry conditions during the onset of the LGM
(according to Lambeck et al., 2014).

The YIC samples of unit II, with depths of 3.5e2m closest to the
ground surface at section A, revealed only plant remains and no
further fossils. As in the samples discussed above, the assemblages
comprised a mixture of xerophytic, ruderal and dry arctic grassland
species as well as scattered remains of larch. Dominant species in
the assemblages in 3.5 and 3.0m depth bgs are Chenopodium sp.
and Poa sp.; a scanty amount of Papaver sp. and scattered seeds or
seed fragments of Minuartia arctica, Puccinellia sp., and Smelovskia
sp. are present as well.

The uppermost sample in 2.05m depth bgs was AMS 14C-dated
to about 33 ka BP (Lab Nrs. Poz-79751 and Poz-80390). Thus, the
sample has an age older than the underlying ground squirrel nest
suggesting an age inversion and a possible re-deposition of this
material. Alternatively, the inversion might be the result of plant
transport by the ground squirrels deep into their subterranean
burrows beneath considerably older layers. Depending on the
thickness of the active layer, arctic ground squirrels can burrow
their dens deeper than 1m, when the soil substrate is coarse-
grained and dry as in sandy deposits. Larionov (1943) reported on
a ground squirrel nest found in Siberia at 2m depth. The assumed
inversion might be also the result of erosional events associated
with repeated climate shifts at the transition from the late glacial
period to the early Holocene. We did not find any Holocene de-
posits older than 300 years BP at the exposure, suggesting that
denudation rather than deposition occurred during the Holocene
perhaps as result of thawing and destabilisation of permafrost near
surface. The poor assemblage of plant macrofossils in 2.05m depth
was dominated by steppe species like Silene repens, S. samojedorum
and Artemisia sp. as well as Saxifraga sp. and the spikemoss Selag-
inella rupestris.

5. Discussion

Different bioindicator groups including pollen, invertebrates,
plant remains and charcoal from the Batagay permafrost sequence
were used to reconstruct the history of vegetation and environ-
ments in the Yana Highlands during the penultimate cold stage, the
last interglacial and the last cold stage. The vegetation existing
during the two climate extremes of the late Pleistocene, the last
interglacial (MIS 5e) and the onset of LGM (MIS 2), could be
reconstructed in very detail.

5.1. Steppes persistent throughout the investigated timespan

The vegetation during cold-stages was, according to our results,
dominated by meadow steppes resembling modern communities
of Festucetalia lenensis. During the last interglacial in contrast, the
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zonal vegetation mainly consisted of open taiga forest corre-
sponding to today's phytosociological class Vaccinio-Piceetea. Pri-
mary tree species were Larix gmelinii and Betula pendula.
Palynological data already revealed before that open Larix-Betula
forests with Pinus pumila and Betula shrubs existed at the middle
course of the Yana River during the last interglacial (Lozhkin and
Anderson, 1995). Based on the new data presented here, we can
specify the composition of the Eemian vegetation. According to our
results (Table 2), the woodlands were interspersed with ruderal
and, in particular, meadow steppe vegetation, which constituted
the zonal vegetation during cold stages prior to and after the last
interglacial.

Within the investigated timespan from MIS 6 to MIS 2, the
floristic composition did not change completely but mainly shifts in
the percentages of the respective plant communities as well as in
the abundances and diversity of their representatives were detec-
ted. The studied assemblages rather showed that the study area
was covered with meadow-steppes throughout most of the
reconstructed period occasionally along with groves of cold-
deciduous trees (mainly larch and birch). The respective percent-
ages of woodland and open vegetation assumedly changed through
time in accordance with the predominating climate conditions and
degree of disturbances. Entomological and botanical macro-
remains indicate the persistence of woody plants in the area dur-
ing periods within the Saalian and Weichselian cold stages sug-
gesting that the area was a northern tree refugium over periods of
the late Pleistocene and beyond. Cold stage larch macrofossils are
reported so far only from West Siberia and the Russian Far East
(Binney et al., 2009). The closest known glacial larch occurrence,
dated to the Younger Dryas, is reported from the Dyanyshka peat
profile situated west of the Verkhoyansky Mountain range at the
edge of the Central Yakutian Plain about 170 km south of the Arctic
Circle and 520 km southwest from the Batagay site (Werner et al.,
2009). The existence of larches at the western foreland of the
Verkhoyansky Mountains during the Younger Dryas was regarded
as proof for their survival during late Pleistocene cold stages
(Werner et al., 2009). This assumption is confirmed by the nearly
continuous presence of larch in the 50-ka pollen record from Lake
Billyakh about 85 km east of the Dyanyshka section (Müller et al.,
2010). The here-presented macrofossil finds of larch in the Yana
Highlands north of the Arctic Circle is all the more noteworthy as
the climate is (and was) there much less favourable than in Central
Yakutia. The palaeobotanical results from the Batagay profile sug-
gest that larch groves existed in the area already during the
penultimate cold stage and survived over long periods of the late
Pleistocene.

On the other hand, grassland vegetation, primarily meadow-
steppe, definitely persisted at the site throughout the studied
timespan even under the relatively moist, full warm stage condi-
tions of the last interglacial. Wildfires, indicated by abundant
charcoal in the Eemian material, might be the reason for the
persistence of steppe vegetation in glades within the ancient forest.
Wildfires might also have resulted in the abundance of woody
pioneer species such as Betula pendula, Alnus alnobetula subsp.
fruticosa and Rubus idaeus, which are partly more restricted or
absent at this site today. The leaf beetle Bromius obscurus, which is
restricted to Epilobium angustifolium, likewise indicates indirectly
disturbances of forest vegetation possibly by fire.

Wildfires were, however, not the only factor of disturbance,
likely during the last interglacial and certainly during cold stages. A
high amount of ruderal taxa is characteristic of disturbed ground
and is often considered to be related to overgrazing (Yurtsev, 2001).
Steppe vegetation and grasslands in general are fostered by grazing
(Johnson, 2009; Zimov et al., 1995). The absence of charcoal in the
cold stage samples of Units IV and II virtually excludes fire as a
disturbance factor suggesting that the territory was instead heavily
grazed during cold stages. Ground squirrels, themselves faunal el-
ements of steppes and thus depending on open vegetation, in turn
can strongly affect the vegetation and are regarded landscape en-
gineers. The average home-range of Urocitellus paryyii is up to
200m surrounding the burrow (Hubbs and Boonstra, 1998). A
sufficiently dense ground squirrel population could have affected
the vegetation heavily within this range. An even more severe
impact on vegetation can be expected from large herbivores.
Numerous fossils of Pleistocene megaherbivores including
mammoth, woolly rhino, horse and bison were found in the Bata-
gay exposure (Novgorodov et al., 2013 and personal observations).
The nitrophytic ruderal plant Urtica dioica, characteristic for resting
or dung places (Walter, 1974), was found in high abundance
together with other ruderals in deposits of the last interglacial
suggesting the presence of megaherbivores also during the Eemian.
Meadow steppe vegetation during the last interglacial, as detected
in the present study, is a suitable pasture for large herbivores. The
availability of such grassland vegetation is, in combination with
thin snow cover, a crucial factor for the survival of herbivores
during severe winters (Formozov, 1990); the continuity of this
vegetation might have been the base for the persistence of diverse
and abundant herbivores in this area throughout the Pleistocene
(Guthrie, 1982).

5.2. Steppes in Northeast Siberia: pleistocene survivors or holocene
immigrants?

The palaeontological record of the Batagay section contributes
to the understanding of the phylogeography of Yakutian plants and
animals. The Batagay profile is situated in the Verkhoyansk region,
inland Yakutia, where steppe communities are still being well
developed and play a notable role in the landscapes (Yurtsev, 1982;
Berman et al., 2001). The question whether plants and in-
vertebrates of modern steppes persisted in Yakutia throughout the
Pleistocene or whether they immigrated to Yakutia only during the
Holocene was contentious for a long time (Yurtsev, 1982;
Kozhevnikov and Ukraintseva, 1997). The results in the present
paper support the assumption that the occurrences of disjunct taxa
in modern steppes of Yakutia are relicts of a formerly continuous
distribution range extending from Central Siberia and Mongolia
over Central and Northeast Yakutia during the cold and dry glacial
climate phases. Almost all plant and invertebrate species detected
as fossil remains in Pleistocene deposits are known from modern
relict occurrences in Northern Yakutia (Kiselev, 1981; Kiselev and
Nazarov, 2009; Kuzmina, 2015; Yurtsev, 1982, 2001) even though
these steppes are restricted in extent and species diversity.

Formerly, there was only one section in inland Yakutia known
from the Ust’-Nera region at the upper Indigirka River, fromwhere
fossil insects were analysed (Kuzmina, 2015). The Ust’-Nera record
resulted in the reconstruction of forest and riparian habitats
without contribution of steppes. The fossil invertebrate record of
Ust’-Nera originates, however, from deposits, whose geological
origin is poorly studied and so far unpublished and whose age is
problematic (probably the Middle Pleistocene). The exploration of
the Batagay section and its new palaeontological record provides
important arguments to this discussion.

The statement of Berman et al. (2001, 2011), the areas at the
middle courses of Yana and Indigirka Rivers were refuges for steppe



Table 2
Environmental reconstruction for the Yana Highlands since MIS 6. Results and interpretation produced by plant macrofossil, pollen, charcoal, and insect analyses.

Stratigraphy MISa Depth, m bgs Geology Plant macrofossils Pollen Invertebrates Palaeoenvironment

Active layer,
Unit I

modern fine sand of modern origin none none none modern

Late Weichselian (Sartan),
Unit IIc

MIS 2 2.0e8.5 Yedoma Ice complex, mainly
fine-grained sand with thick ice
wedges, evenly distributed
organic material and occasional
layers and chunks of higher
organic content

Abundant meadow-steppe
species, few tundra-steppe
taxa, few ruderal species

Caryophyllaceae Artemisia,
Cyperaceae, Asteraceae,
Selaginella rupestris

open grassland species, aquatic
invertebrates, mammal nest
inhabitants

Meadow-steppe vegetation
with largely open, exposed
ground and scattered larch
stands, sporadic ponds or
paddles, ground squirrels and
large herbivores

Middle Weichselian
(Karginsky), Unit IIb

MIS 3 10.5e19.5 Meadow-steppe forbs and
grasses, Selaginella rupestris few
light taiga species

Selaginella rupestris open
ground, steppe, grassland,
sparse boreal taxa

Morychus viridis, and other
tundra-steppe taxa, plant litter
species, aquatic species

Mainly meadow-steppe
vegetation with tundra-steppe
inclusions, mostly dry and
exposed ground, likely small
woods, ephemeral small ponds

Early Weichselian (Zyryan),
Unit IIa

MIS 4 25.5e40.5 Meadow steppe taxa, few
ruderals and halophytic grass,
few light taiga species

Artemisia, various meadow
herbs, Selaginella, Ericales,
Betulaceae, Pinaceae

Steppe and tundra-steppe
species, also forest taxa, few
plant litter inhabitants, few
aquatic invertebrates

Meadow-steppe with
interlocked tundra-steppe
patches and scattered
woodland, sporadic ponds

Eemian, Unit III MIS 5 43e44 Continuous organic layer
merging at places into
accumulations of large macros-
copic plant remains

Open, herb-rich northern taiga
forests with larch, tree and
shrub birches, shrub alder,
raspberry, wild rose; steppe
and ruderal herbs with
abundant Urtica, high amount
of charcoal

Not enough pollen Mostly forest species, plant
litter inhabitants, cocoons of
earthworms indicate
pedogenesis, few meadow and
tundra-steppe beetles,

Dry, herb-rich light coniferous
taiga with a pronounced plant
litter cover, widespread
wildfires, stability of warm
stage conditions resulted in
soil-forming processes, patches
of meadow-steppe vegetation
persisted, probable presence of
megaherbivores (existence of
ruderal nitrophytes)

Unit IV MIS 6 horizontally layered frozen fine
sand sediments, thin ice
wedges only

Mainly meadow steppe taxa,
few ruderals, larch and Ledum
palustre remains

Not enough pollen One meadow-steppe indicator
and another grassland species

meadow-steppe vegetation
with scattered woods

a Preliminary age division based on geochronology, radiocarbon, and OSL date.
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insects throughout long periods of the Pleistocene is confirmed by
the results of this study. The Pleistocene entomological complex in
former studies consisted of two relevant components: steppe and
tundra. Tundra insects are, however, not well presented in the
Batagay sequence. The Arctic tundra group is absent here, the wet
tundra group has a percentage of less than 2%, and the portion of
the dry tundra group ranges between 1 and 7%. In more northern
sites, the percentage of the tundra groups is much higher even in
interglacial faunas. For example, the last interglacial forest assem-
blage from the Alazeya River (Kuzmina, 2015) comprises 10% of dry
tundra and 20% of wet tundra insect species. Mammoth-steppe
invertebrate assemblages in northern regions might include even
up to 80% of tundra species (Kuzmina, 2015).

According to the entomological results, the Yana Highlands
provided refugia mainly to steppe species but not to the whole
mammoth-steppe (or steppe-tundra) complex. Similar observa-
tions were made in modern occurrences e relict steppes are
occupied exclusively by xerophilous components of the regular
Pleistocene community, while hygrophylous and mesophilous
tundra insects are absent there.

An analogous situation is observable in the assemblage of plant
macrofossils. Whereas plants characteristic of steppes are pre-
served in high diversity and abundance, true indicators of tundra
steppes - Kobresietea communities - are largely absent. The only
true representative of the class is Ranunculus pedatifidus subsp.
affinis. Plants diagnostic for the vegetation class Carici rupestris-
Kobresietea bellardii such as Kobresia myosuroides or Dryas sp. are
absent in the Batagay assemblages but were relatively common in
previously studied palaeobotanical records of the northern low-
lands (Kienast et al., 2005, 2008; 2011; Wetterich et al., 2008;
Schirrmeister et al., 2011). The new results suggest that the Pleis-
tocene grassland vegetation in the study area was mainly
composed of meadow-steppes and that Kobresia-meadows were
possibly restricted to higher elevations.

5.3. Climatic implications

The lack of Kobresietea representatives in the Batagay record
even during cold stages might be the result of summer tempera-
tures warmer than in the coastal lowlands. Warm summers are
also indicated by the persistence of larch at times during cold
stages. Larix gmelinii requires an MTWA of minimum about 10 �C
and a growing season length of more than 60 days (Abaimov,
2010). The presence of arctic ground squirrels in itself points to
an active layer depth of more than 1m because for successful hi-
bernation, ground squirrels need to burrow deep enough to ensure
a constant temperature throughout the winter (Buck and Barnes,
1999; Mayer, 1953). The ground squirrel nest of the pre-LGM
suggests therefore that the active layer must have been thicker
than 1m, which indicates warm and sufficiently long summers.
Beside deeply thawed, the ground during the Last Glacial must
have been drained better than at present - an indication for low
precipitation. Arctic ground squirrel nests were also detected in
the lower sand unit below the YIC in the Batagay profile (Murton
et al., 2017) and thus seem to be relatively common in this
sequence occurring also in deposits associated with the penulti-
mate cold stage.

From the Duvanny Yar outcrop in the Kolyma lowland,
numerous Arctic ground squirrel nests, radiocarbon dated from 33
ka BP to 27 ka BP, were described and analysed by Gubin et al.
(2001, 2003) and Zanina et al. (2005, 2011). The composition of
plant species gathered in the dens differed from those at Batagay at
this site despite analogous habitat requirements of ground squir-
rels, to wit dry open areas or tundra steppe with well-drained
substrates (Buck and Barnes, 1999). Polygonum viviparum, a forb
species occupying cold, moist and exposed tundra soils, was the
most abundant taxon among the cached plants in the Kolyma
lowland (Gubin et al., 2001; Zanina et al., 2011). The strict pref-
erence for this particular species (up to 90% of a sample), even
when the closely related P. bistorta was also available, is docu-
mented for Arctic ground squirrels in the Yukon as well and might
be due to this plant's high starch content and aggregated distri-
bution (Gillis et al., 2005). The absence of P. viviparum and most
other representatives of tundra meadows in the cache of the
Batagay nest likewise sugests the real lack of Kobresietea com-
munities displaying climate conditions warmer than in the
northern lowland areas during the last cold stage. Corresponding
to the plant composition in the Batagay nest described here, rep-
resentatives of steppe and dry pioneer vegetation like Plantago
canescens, Silene samojedorum, Poa sp., and Myosotis asiatica were
common also in ground squirrel caches at coastal sites
(Maksimovich et al., 2004). Steppe and pioneer vegetation was
widespread throughout West Beringia during the Weichselian
glacial and formed mosaics with meadows, Kobresietea commu-
nities, aquatic and littoral vegetation in the northern lowlands and
with light coniferous forest in inland areas.

Steppe plants are primarily indicators of dry ground. They
consequently stand for low precipitation, or aridity, just as halo-
phytic meadow plants such as Puccinellia sp. and salt-tolerant
muddy-site-pioneers like Chenopodium sp. and Rumex maritimus,
which indicate the drying out of ponds and salt accumulation at the
ground surface due to high evaporation. Aridity is a characteristic
feature of continental climate. As discussed in the description of the
regional setting, the study area is today highly continental. The
Yana Highlands represent a benchmark for northern inland climate.
Owing to the massive global sea level fall, the degree of con-
tinentality and aridity can be assumed to be evenmore pronounced
during cold stages, when e.g. the northern shelf seas as potential
source of moisture retreated by several hundred kilometers.

Precipitationwas probably lower than today also during the last
interglacial. Low precipitation during the Eemian is indicated by
numerous steppe taxa and by the absence of Pinus pumila in the
palaeorecord. Pinus pumila is today abundant directly at the study
site although not homogenously distributed. The stone pine re-
quires a snow depth of minimum 40 cm (Okitsu and Ito, 1984;
Khromentovsky, 2004). Accordingly, the absence of Pinus pumila in
the record might indicate thin snow cover due to low winter
precipitation or possibly high wind exposure during the Last
Interglacial. E.g., the expansion of Pinus pumila on Kamchatka in
the course of the late Holocene has been associated with
increasing snow depth due to changing circulation patterns and
resulting intensified winter precipitation (Hammarlund et al.,
2015).

Lower precipitation and more pronounced continentality dur-
ing the Eemian were observed also at more northern sites in
Yakutia. Palaeontological records of the last interglacial from both
coasts of the Dmitrii Laptev Strait, Bolshoi Lyakhovsky Island and
Oyogos Yar, revealed the existence of subarctic shrub tundra
interspersed with grasslands and shallow lakes in the area that is
now Yakutia's coastal lowlands (Kienast et al., 2008, 2011). Mac-
roremains of larch (Larix gmelinii) at Oyogos Yar indicate the tree
line was shifted to about 270 km north of its current position.
Climate reconstructions revealed an MTWA about 10 K warmer
than at present in the region, an extended growing season, high
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evaporation and locally thin snow cover in winter (Kienast et al.,
2011). Based on the detection of climate conditions more conti-
nental than today, both sites are regarded to have been situated
more inland at this time. This implies, despite a higher global sea
level, a retreated, more northern coast line during the last inter-
glacial probably due to a tectonic setting different from today.
Pollen analyses from the Bolshoy Lyakhovsky site (Andreev et al.,
2004) suggest that the vegetation cover was dominated by open
plant associations with Poaceae and Artemisia. Shrub tundra with
Betula nana, Salix sp., and Alnus alnobetula subsp. fruticosa existed
assumedly at moister places. At Oyogos Yar, the palynological
spectrumwas likewise composed by around the half of taxa of open
vegetationwith Poaceae, Cyperaceae and Artemisia and around 40%
of woody taxa like Betula sect. Nanae, Betula sect. Albae, Alnus
alnobetula subsp. fruticosa and Larix indicating open woodland
vegetation alternating with grasslands (Andreev et al., 2011;
Kienast et al., 2011). Spores of fungi, such as Podospora, Sporormiella
and Sordaria might point to widespread dung associated with
herbivores.

Comprehensive palynological records and tree macrofossils
from Eemian sites in the Yana-Kolyma lowlands suggest that Larix-
Betulawoodlands with a shrub layer consisting of Betula spp., Pinus
pumila, Salix sp., and Alnus alnobetula subsp. fruticosa existed in
areas covered today with tundra suggesting an MTWA 4e8 K
warmer than today in the coastal lowlands (Kaplina, 1981; Lozhkin
and Anderson,1995). TheMTCOwas reconstructed 12 K colder than
today, indicating a greater seasonal temperature gradient and thus
confirming more pronounced continentality.

6. Conclusions

� Meadow steppes analogue to modern communities of the
phytosociological order Festucetalia lenensis within the class of
Central Asian steppes Cleistogenetea squarrosae in extrazonal
relict steppe patches in Northeast Siberia formed the primary
vegetation during the Saalian and Weichselian cold stages.

� Cryophilous species diagnostic for tundra-steppe vegetation of
the class Carici rupestris-Kobresietea bellardiiwere unexpectedly
scarce at the study site yet during the onset of the Last Glacial
Maximum, which embodies the globally coldest climate phase
of at least the last 130 ka.

� Instead, at periods of the last two cold stages, larch stands
existed in the Yana Highlands indicating relatively warm sum-
mers with an MTWA higher than 10 �C throughout the studied
period.

� The local presence of larch demonstrates that the study region
was a northern tree refugium during the late Quaternary and
beyond.

� During the last interglacial, open coniferous woodland was the
primary vegetation at the study site resembling modern taiga
(class Vaccinio-Piceetea) but with birch (Betula pendula) as a
constituent not present today.

� High amounts of charcoal, the presence of insects feeding on
fireweed (Epilobium angustifolium) and the finding of plants like
Rubus idaeus, characteristic of burnt down woodland, indicate
wildfire events during the last interglacial.

� The presence of other pioneer plants, abundant Urtica dioica in
particular, indicate zoogenic disturbances of the plant cover
during the last interglacial suggesting the study area was an
interglacial refugium for large herbivores of the mammoth
faunal complex.

� Even under the full warm stage conditions of the last intergla-
cial, meadow steppes formed a significant constituent of the
plant cover in the Yana Highlands indicating low precipitation
and potentially providing suitable pastures for herbivores.

� The studied fossil record proves that modern steppe occur-
rences in the Yana highlands did not establish recently but that
they are relicts of a formerly continuous steppe belt extending
fromCentral Siberia to Northeast Yakutia during the Pleistocene.

� The persistence of plants and invertebrates diagnostic of
meadow steppe vegetation in interior Yakutia throughout the
late Quaternary indicates climatic continuity and documents the
suitability of this region as a refugium also for other character-
istic organisms of the Pleistocene mammoth steppe including
the iconic large herbivores.
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