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Abstract. The 318 m thick lacustrine sediment record from the Pleistocene, ca. 2.6 Myr BP, noticeable climatic dete-
Lake El'gygytgyn, northeastern Russian Arctic cored by therioration occurred. Forested habitats changed to predomi-
international EI'gygytgyn Drilling Project provides unique nantly treeless and shrubby environments, which reflect a
opportunities for the time-continuous reconstruction of therelatively cold and dry climate. Peaks in observed green al-
regional paleoenvironmental history for the past 3.6 Myr. gae coloniesBotryococcuysaround 2.53, 2.45, 2.32—-2.305,
Pollen studies of the lower 216 m of the lacustrine sedi-2.20 and 2.16-2.15 Myr BP suggest a spread of shallow wa-
ments demonstrate their value as an excellent archive of veger environments. A few intervals (i.e., 2.55-2.53, ca. 2.37,
etation and climate changes during the Late Pliocene andnd 2.35-2.32 Myr BP) with a higher presence of coniferous
Early Pleistocene. About 3.5-3.35 Myr BP, the vegetation attaxa (mostly pine and larch) document some relatively short-
Lake El'gygytgyn, now an area of tundra was dominated byterm climate ameliorations during Early Pleistocene glacial
spruce-larch-fir-hemlock forests. After ca. 3.35 Myr BP dark periods.
coniferous taxa gradually disappeared. A very pronounced
environmental change took place ca. 3.31-3.28 Myr BP, cor-
responding to the Marine Isotope Stage (MIS) M2, when
treeless tundra- and steppe-like habitats became dominart Introduction
in the regional vegetation. Climate conditions were simi-
lar to those of Late Pleistocene cold intervals. NumerousThe Arctic is known to play a crucial, though not yet com-
coprophilous fungi spores identified in the pollen samplespletely understood, role in the global climate system (ACIA,
suggest the presence of grazing animals around the lak&004). During the last few decades the high Arctic latitudes
Following the MIS M2 event, larch-pine forests with some have experienced significant warming, more dramatic than
spruce mostly dominated the area until ca. 2.6 Myr BP,in other parts of the globe (e.g., Sundqvist et al., 2010, and
interrupted by colder and drier intervals ca. 3.043-3.025 references therein). Numerical observations show that Arctic
2.935-2.912, and 2.719-2.698 Myr BP. At the beginning oftemperatures have increased by abd@ 2ince 1961 (IPCC,
2007), and possible scenarios of future climate change and its
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Figure 2. Schematic cross section of the EI'gygytgyn basin stratig-
raphy showing the location of ICDP Sites 5011-1 and 5011-3 (after
Melles et al., 2012).
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Figure 1. Location of map Lake EI'gygytgyn in northeastern Russia

(inserted map) with location of the core site and May 2009, penetrating about 318 m of lake sediments

and 200 m into the underlying impact rocks (Melles et al.,
2011, 2012).

Initial results documenting physical properties from the
regional and global consequences remain a major scientificipper part of the lake sediment succession down to 2.8 Myr
challenge. Reliable climate projections for the Arctic, how- BP have provided a complete record of glacial/interglacial
ever, are hampered by the complexity of the underlying natchange in the Arctic (Melles et al., 2012). According to
ural variability and feedback mechanisms (e.g., Christensethis study glacial settings with temperatures at leadt 4
etal., 2007). An important prerequisite for the validation and lower than today, allowing perennial lake-ice coverage, first
improvement of climate simulation scenarios is a better un-commenced at Lake EI'gygytgyn at the Pliocene/Pleistocene
derstanding of the long-term climate history of the Arctic.  boundary about 2.6 Myr BP. This environmental condition

Ice sheet records provide important information on climategradually increased in frequency from2.3 to ~ 1.8 Myr
history, including former greenhouse gas concentrations, buBP, eventually occurring within all glacials and several sta-
in the Arctic they only cover the last glacial/interglacial cli- dials consistent with globally stacked marine isotope records
matic cycle and are restricted to the Greenland ice sheefe.qg., Lisiecky and Raymo, 2009). More variable climate pa-
(e.g., NGRIP Members, 2004). Sedimentary archives fromrameters were reconstructed for the Quaternary interglacials.
the Arctic Ocean can have a much longer time range, butVhilst July temperatures and annual precipitation around
their paleoenvironmental significance often is hampered byLake El'gygytgyn during MIS 1 and MIS 5e were only
slow, partly discontinuous deposition and poor age controlslightly elevated compared to the modern values, during MIS
(e.g., Nowaczyk et al., 2001; Moran et al., 2006). In the ter-11.3 and MIS 31 they were about 426 and 300 mm higher
restrial Arctic, continuous paleoenvironmental archives arethan in the present day (Melles et al., 2012). According to
widely restricted to the Holocene and, in a few cases, to theGCM climate simulations the latter values could not readily
last glacial/interglacial cycle, due to repeated glaciations thabe explained by interglacial greenhouse gas concentrations
led to disturbance of many of the older sediment sequenceand orbital parameters alone; rather they are traced back to
(e.g., Andreev et al., 2004, 2009, 2011; Lozhkin et al., 2007;feedback mechanisms potentially involving ice sheet disinte-
Lozhkin and Anderson, 2011, and references therein). Whergrations in the Antarctic (Melles et al., 2012).
older sediments occur, they usually are fragmented and have A first compilation of data obtained from the lower
rather poor age control (e.g., Matthews and Telka, 1997part of the Lake El'gygytgyn sediment record, from3.6
Ballantyne et al., 2010; Rybczynski et al., 2013). to ~2.2Myr BP, was provided by Brigham-Grette et

The first widely continuous Pliocene/Pleistocene recordal. (2013). In this study multiproxy evidence suggests ex-
from the entire terrestrial Arctic is now available from treme warmth and polar amplification during the middle
Lake El'gygytgyn, which was formed following a meteorite Pliocene,~ 3.6 and~ 3.4 Myr BP, when temperatures were
impact 3.58+0.04 Myr BP (Layer, 2000) approximately ~8°C higher butpCO; is estimated at-400 ppm, com-
100 km to the north of the Arctic Circle in the northeast- parable with today. Another important finding of Brigham-
ern Russian Arctic (6B0' N, 17205 E, Fig. 1). Within the  Grette et al. (2013) was that the Pliocene—Pleistocene tran-
scope of the EI'gygytgyn Drilling Project of the International sition at Lake El'gygytgyn was characterized by stepped
Continental Scientific Drilling Program (ICDP), three holes cooling events and warmer-than-present Arctic summers un-
were drilled in the center of the lake (Fig. 2) between Marchtil ~2.2 Myr BP, clearly postdating the onset of Northern
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Hemisphere glaciation. Building on the initial studies of used to calculate the dissimilarity matrix (Faith et al., 1987).
Melles et al. (2012) and Brigham-Grette et al. (2013), this pa-A two-dimensional model was run. To avoid overcrowding
per provides a more complete record and a more detailed disanly the pollen zone names (placed at respective samples)
cussion of climatical and environmentally driven vegetation were plotted. All analyses were carried out in R (R Develop-
changes in the northeastern Russian Arctic betwe&b8 ment Core Team, 2011) using the "vegan package” (Oksanen
and ~ 2.15 Myr BP. Their papers are based on the originalet al., 2013).
work presented here. Pollen-inferred vegetation reconstruction performed us-
Lake El'gygytgyn traps pollen from a several thousanding the quantitative method of biome reconstruction (also
square-kilometer source area, thus providing reliable insight&nown as the “biomization” approach) helps with the ob-
into regional and supra-regional millennial-scale vegetationjective interpretation of the pollen data and facilitates data-
and climate changes. General geographical information conmodel comparison (Prentice et al., 1996). In this approach
cerning the geology, modern climate parameters and vegetgollen taxa are assigned to plant functional types (PFTs) and
tion cover patterns in the study area has been well describetb principal vegetation types (biomes) on the basis of the
and discussed in details in many other papers of this spemodern ecology, bioclimatic tolerance, and spatial distribu-
cial issue (e.g., Andreev et al., 2012; Lozhkin and Andersontion of pollen-producing plants. The method was tested us-
2013; Tarasov et al., 2013) and therefore is not repeated hering extensive surface pollen data sets and regionally adapted
In this publication we focus mainly on the vegetation changeshiome-taxon matrixes from northern Eurasia (Tarasov et al.,
across the time spanned from 3.58 to 2.15 Myr BP. 1998) and Beringia (Edwards et al., 2000), and further ap-
plied to the mid-Holocene, Last Glacial Maximum (Edwards
et al., 2000; Tarasov et al., 2000), and last interglacial pollen
2 Data and methods spectra (Tarasov et al., 2005).
In the Lake EI'gygytgyn project the biome reconstruction
The pollen record presented in this study includes a total ofapproach has been applied to the modern and fossil pollen
940 pollen spectra from the lower part of ICDP core 5011-1data sets. For details of the method, assignment of the pollen
from Lake El'gygytgyn, below 101.9 m (Fig. 3a—d). Details taxa to biomes, and calculation of the biome affinity scores
concerning the preparation method, identification of pollen,see Tarasov et al. (2013). In the current paper, quantitative
spores, and non-pollen-palynomorphs, percentage calculebiome reconstruction results obtained for the lower part of
tion, and drawing of diagrams are described in Andreev etthe 5011-1 core dated to ca. 3.58-2.15Myr BP (Brigham-
al. (2012). The age model used for the presentation of pollerGrette et al., 2013; Tarasov et al., 2013) are presented for
record is based on magnetic polarity stratigraphy (Haltia andcomparison with the conventional qualitative interpretation
Nowaczyk, 2014) and the cyclostratigraphy of various cli- of the pollen data.
matically controlled sedimentological and geochemical pa-
rameters (Nowaczyk et al., 2013). Initial tie points for the
age model were derived from major geomagnetic reversal3 Results
dating back to the early Gauss chron, documented in the
cores. The radiometric age of the El'gygytgyn impact at3.1 Results of pollen analysis
3.58+ 0.04 Myr BP (Layer, 2000) provided another initial
tie point. Fine-tuning of data sequences on biogenic silicaA total of 136 different pollen, spore, and non-pollen-
total organic carbon (TOC), tree and shrub pollen percentpalynomorph types have been found in the studied samples
ages, grain-size data, sediment color, Si/Ti ratio obtainedFig. 3a—d). Almost no or very few palynomorphs were found
from X-ray fluorescence (XRF) scanning, and magnetic susin sediments older than 3.575 Myr BP. Only in sediments ac-
ceptibility to both the marine oxygen isotope stack (LR04) cumulated between ca. 3.584 and 3.580 Myr BP is the pollen
of Lisiecki and Raymo (2005) and the Northern Hemisphereconcentration slightly higher than in underlying and over-
summer insolation provided by Laskar et at. (2004) stipu-lying layers. This layer (not presented in Fig. 3) contains
lated a total of about 600 tie points for the final age model.few pollen grains ofAlnus Betulg Larix, Myrica, Pinus
Further details can be found in Nowaczyk et al. (2013). Cyperaceae, Poaceae, Ericales, and single graificef
To reconstruct relationships between the studied sampleSilia, Salix Artemisia Chenopodiaceae, and Caryophyl-
and their pollen taxa composition we have used non-metridaceae. The remains &otryococcusand Pediastrumgreen
Multidimensional Scaling (nMDS), an ordination method, algae colonies are also characteristic for this interval.
which has proved to be a robust technique for data sets with The pollen assemblages from 300.74 to 101.9m can be
a high beta diversity and high number of zeros (Minchin, subdivided into 58 pollen zones (PZ) based on visual in-
1987). The samples were included in the analysis only if thespection. Single or few pollen grains #ficea Pinus s/g
sum of counted terrestrial pollen and fern spores exceede#laploxylon Larix, Abies Tsuga, BetulaAlnus Poaceae,
150 grains; the pollen taxa were included if they occur in Cyperaceae, Ericalegrtemisig Lamiaceae an&phagnum
at least 10 % of samples. The Bray—Curtis coefficient wasspores were found in PZ-1 (ca. 3.575-3.531 Myr BP). Pollen

www.clim-past.net/10/1017/2014/ Clim. Past, 10, 1017339 2014
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concentration gradually increases upwards reaching up to
9090 pollen grains/g in PZ-2 (ca. 3.531-3.481 Myr BP). The
spectra for this interval are dominated Bynus s/g Hap-
loxylon, Piceg Larix/PseudotsugaAlnus viridis ssp. fruti-
cosapollen andSphagnunspores. Percentages of tree pollen
(especiallyPiceaandLarix) are the highest within the stud-
ied interval. Rather high contents ébiespollen and the
permanent presence of pollen from some relatively ther-
mophilic taxa, likeTsuga Carpinus, CorylusQuercus, Pte-
rocarya, and Carya are also characteristic for PZ-2. Per-
centages of tree pollen, especially the more thermophilic
ones, likePicea Tsuga and Abiesdecreased in the lower
part of PZ-3 (ca. 3.481-3.449 Myr BP), while amounts of
Poaceae and Cyperaceae pollen significantly increase. A

higher presence (SphagnumLyco_podlum Polypodiaceae, Figure 4. Photos of cysts possibly produced by the so-called
Sporormiella andSordariaspores is also notable. PZ-4 (ca. gnow-algae (species from generaisflamydomona<hloromonas
3.449-3.419 Myr BP) is characterized by a further decreasjaematococcus (Sphaerell@hlamydomonasndChloromonak
in PiceaandAbiespollen percentages and higher contents of Photos by Thomas Leya from Fraunhofer IBMT, Culture Collection
SphagnumSordariaandSporormiellaspores. of Cryophilic Algae and H. Cieszynski, University of Cologne.
Percentages dficeaandAbiesincrease again in PZ-5 (ca.
3.419-3.387 Myr BP), while amounts of Poaceae and Cyper-
aceae pollen, as well &phagnumSporormiella and Sor- dominate many of the pollen assemblages upwards in the
daria spores are significantly decreased. In PZ-6 (ca. 3.387-€ore. PZ-12 (ca. 3.060-3.043 Myr BP) shows an increase
3.350 Myr BP) percentages dficea and Abies decrease, in pollen percentages of shrub taxalrfus Betulg, while
while amounts ofBetula sect. Nanag Artemisiag Poaceae the amounts of coniferous pollen decrea8ius Betulg
and Cyperaceae pollen significantly increase. Spore&eef Poaceae and Cyperaceae poll€elaginella rupestrisand
laginella rupestrisalso become an important component Polypodiaceae spores pollen contents increased further in
of the pollen assemblages in this zone. PZ-7 (ca. 3.350PZ-13 (ca. 3.043-3.025 Myr BP), while coniferous pollen
3.310 Myr BP) is distinguishable by the marked disappear-show a further decrease.
ance ofArtemisiafrom the pollen assemblages and a further PZ-14 (ca. 3.025—-2.990 Myr BP) is characterized by rather
gradual decrease in coniferous pollen percentages. high contents oPinuss/gHaploxylon Poaceae, and Cyper-
PZ-8 (ca. 3.310-3.283 Myr BP) is remarkable because ofaceae pollen, an8elaginella rupestrispores, whileAlnus
a distinct decrease in coniferous pollen percentages, whiland Betula ones significantly decrease. PZ-15 (ca. 2.990-
amounts of Poaceae, Cyperaceaetemisia Caryophyl-  2.935Myr BP) is remarkable in the disappearanceSef
laceae, and another herb polle3glaginella rupestrisand  laginellaspores, a significant decrease in Poaceae and Cyper-
coprophilous fungi spores distinctly increase. Pollen con-aceae pollen percentages, and relatively high valuB&ef
centration, in general, is rather low. PZ-9 (ca. 3.283-PZ-16 (ca. 2.935-2.912 Myr BP) is characterized by low
3.251 Myr BP) is characterized by higher content$ofus contents of coniferous pollen and a further increasdélin
s/gHaploxylonandLarix pollen, while amounts ofrtemisia  nus Betulg and Cyperaceae pollen. In PZ-17 (ca. 2.912—-
and Caryophyllaceae polleSelaginella rupestrisand co-  2.819 Myr BP) coniferous pollen contents further increase
prophilous fungi spores drop significantly. simultaneously with the higher pollen concentration, which
In PZ-10 (ca. 3.251-3.202 Myr BP) pollen concentrationsreaches 34 300 grains/g. PZ-18 (ca. 2.819-2.800 Myr BP)
are distinctly higher (up to 15400 grains/g). This zone isshows a significant decrease in coniferous pollen contents,
characterized by a further increase Rinus s/g Haploxy-  while Poaceae, Cyperaceae, @rtbmisiacontents increase.
lon, Piceg andLarix pollen contents. Contents 8ftemisig Significant amounts of cysts @ygnemareen algae are also
Ericales, Caryophyllaceae pollen as well@alaginella ru-  characteristic.
pestris spores slightly increase as well. The zone is also PZ-19 (ca. 2.800-2.790 Myr BP) shows an increase in
notable for higher presence @&otryococcusgreen algae coniferous pollen contents, whiBetula Poaceae, Cyper-
colonies. aceae, and Ericales pollen decreased. The zone is also no-
Pollen concentration is even higher (up to table for the higher presence of coprophilous Sordariaceae
315500grains/g) in PZ-11 (ca. 3.202-3.060 Myr BP). but the pollen concentration in this zone is very low. Pollen
As in PZ-10, the pollen assemblages in PZ-11 are charactereoncentration reaches up to 127 130 grains/g in PZ-20 (ca.
ized by high concentrations #finuss/gHaploxylon Picea 2.790-2.771 Myr BP), marked by an increase in conifer-
and Larix pollen. In addition, transparent cysts (Fig. 4) ous pollen. In PZ-21 (ca. 2.771-2.750 Myr BP) amounts
of unclear origin occur in high abundance. These cystsof Pinus s/g Haploxylon pollen and pollen concentration

Clim. Past, 10, 10174039 2014 www.clim-past.net/10/1017/2014/
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gradually decrease, while contents of Cyperaceae, Ericales\yumspores. PZ-37 (ca. 2.492—-2.473 Myr BP) is notable for
andArtemisiapollen, andSelaginellaspores increase. a peak inArtemisiapollen and high contents of Poaceae.
Pollen concentration reaches 136530 grains/g in PZ-22 PZ-38 (ca. 2.473-2.450Myr BP) is characterized by
(ca. 2.750-2.733 Myr BP), which is also characterized byhigher contents ofLarix, Alnhus, and Betula pollen and
a significant increase iRinus s/g Haploxylonpollen and  Selaginella PolypodiaceaeEncalypta and Gelasinospora
a significant reduction in herb percentages. In PZ-23 (caspores. The pollen concentration is relatively low (up to
2.733-2.719 Myr BP) the amounts Bfnuss/gHaploxylon 42 315 grains/g). In contradtarix pollen is almost absent
pollen gradually decrease aRiteadisappear from the spec- in PZ-39 (ca. 2.450-2.435 Myr BP). This zone is also no-
tra, while contents of Cyperaceae, Ericales, &mtemisia  table for high contents of Poaceae atiemisiapollen, Se-
pollen, andSelaginellaspores increase. The pollen concen- laginella spores and remains &btryococcugolonies in its
tration is much lower (up to 5070 grains/g) than in the pre-lower part. In PZ-40 (ca. 2.435-2.400 Myr BP), pollen con-
vious zones. In PZ-24 (ca. 2.719-2.698 Myr BRgeaand  centration is much higher (up to 112 300 grains/g). Charac-
Pinuspollen are almost absent. This zone is also characterteristic for this zone are also higher percentagdsanix, Al-
ized by an increase iBetulaandAlnuspollen contents, and nus,andBetulapollen. In PZ-41 (ca. 2.400—2.386 Myr BP)
a high presence dBotryococcugreen algae colonies. PZ- Larix pollen contents decrease, whiRinus pollen appear
25 (ca. 2.698-2.680 Myr BP) differs from the pollen zones and contents abphagnunspores increased.
below and above by particularly high contentsRafiusand PZ-42 (ca. 2.383-2.374 Myr BP) is notable because of
Artemisiapollen. peaks inPinus Piceg and Alnus pollen, and high pollen
Pinuspollen disappears from the spectra again in PZ-26concentration (up to 114 450 grains/g). In PZ-43 (ca. 2.374—
(ca. 2.680-2.665 Myr BP). This zone is also notable for par-2.364 Myr BPPinuspollen contents are much lower). In ad-
ticularly high contents ofselasinosporaGlomus and co-  dition, this pollen zone is characterized by peak&itemisia
prophilous fungi spores. PZ-27 (ca. 2.665-2.646 Myr BP)and Poaceae pollen as well@slaginellaspores. Coniferous
pollen assemblages are characterized by a significant inpollen are almost absentin PZ-44 (ca. 2.364—2.354 Myr BP).
crease irPinus, PiceaandLarix contents. Pollen concentra-  PZ-45 (ca. 2.354-2.344 Myr BP) is notable for an in-
tions are very high (up to 98 850 grains/g). PZ-28 (ca. 2.646-crease inPinus and Larix pollen contents, peaks iBetula
2.626 Myr BP) is notable by the disappearance of coniferousandAlnuspollen, and a rather high pollen concentration (up
pollen, while Artemisiapollen contents increase at the be- to 32500 grains/g). Relatively high amounts Bdtryococ-
ginning of the zone, anBetulain its upper part. In PZ-29 cusremains are also characteristic of the zone. In PZ-46
(ca. 2.626-2.600 Myr BPpinus Larix, and Ericales pollen (ca. 2.344-2.328 Myr BP) the high presenceBaftryococ-
contents are significantly higher. Percentages of Poaceae ariscolonies is associated with high percentageBintisand
Artemisiapollen increased in the upper part of the zone. a small peak irPicea In PZ-47 (ca. 2.328-2.318 Myr BP)
In PZ-30 (ca. 2.600-2.588 Myr BP) coniferous pollen is Pinuspollen contents are much lower, while Ericales pollen
almost absent. This zone is also characterized by low coneontents are highePinuspollen contents are very low in PZ-
tents ofAlnuspollen, while percentages Betulaand Cyper- 48 (ca. 2.318-2.307 Myr BP), which is also marked by peaks
aceae remarkably increase. Pollen concentration is verpf Artemisiaand Poaceae pollen aBwtryococcusemains.
low (up to 4750 grains/g). PZ-31 (ca. 2.588-2.578 Myr BP)  Pinus pollen are absent in PZ-49 (ca. 2.307-2.285 Myr
pollen assemblages differ from PZ-30 based on peaks irBP) but show a small peak in PZ-50 (ca. 2.285-2.269 Myr
Larix andAlnuspollen. In addition, the pollen concentration BP), which is also notable because of the higher presence of
is much higher (up to 142 650 grains/g). PZ-32 (ca. 2.578—Ericales pollen and higher overall pollen concentration (up to
2.559 Myr BP) is noticeable by a significant increase in 183265 grains/g). PZ-51 (ca. 2.269-2.245 Myr BP) is partic-
Poaceae, Cyperaceae, Ericalegemisig Caryophyllaceae, ularly notable for high contents &etulaand Alnuspollen,
Ranunculaceae, Brassicaceae, and Asteraceae pollen, aadd Botryococcusemains. In PZ-52 (ca. 2.245-2.230 Myr
Selaginellaspores percentageRinus pollen contents are BP), in contrastAlnus pollen contents distinctly decrease,
slightly increased as well. while Artemisiapollen, Sphagnunspores, andPediastrum
Larix pollen shows a distinct peak in PZ-33 (ca. 2.559—remains distinctly increase.
2.549 Myr BP), buPinusdisappears from the spectra, while  In PZ-53 (ca. 2.230-2.214 Myr BP) contentBzftulaand
Alnus Poaceae, Cyperaceae, and other herbs decrease thdiinuspollen, and spores &elaginella rupestri;crease and
contents. In PZ-34 (ca. 2.549-2.532 Myr BPinus pollen pollen concentration is rather high (up to 194 165 grains/qg).
contents are significantly increased again. This zone is alstn PZ-54 (ca. 2.214-2.200 Myr BP) and PZ-55 (ca. 2.20-
notable for high contents dfarix pollen andLycopodium  2.18 Myr BP)Pinuspollen have small peaks, being almost
spores. In PZ-35 (ca. 2.532-2.5145Myr BP) coniferousabsent in PZ-56 (ca. 2.180-2.164 Myr BP), but these inter-
pollen disappeared again. Large amountamémisiapollen vals yield the highest presence Bétulaand Alnuspollen.
and remains oBotryococcuslgae are also notable for this Coniferous pollen is almost absent in PZ-57 (ca. 2.164—
zone. PZ-36 (ca. 2.5145-2.492 Myr BP) is characterized by2.158 Myr BP) and PZ-58 (ca. 2.158-2.150 Myr BP). PZ-58
peaks in the content dfarix andBetulapollen, andSphag- is also remarkable by peaks Artemisig Thalictrum and
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NMDS1 ' ' Figure 6. Pollen-based biome reconstruction showing changes in

) o the dominant vegetation type around Lake EI'gygytgyn between ca.
Figure S. Ordination of revealed pollen spectra. The two- 3 5gand 2.15Myr BP. Open squares indicate the biome reconstruc-
dimensional nMDS plot mirrors the similarity among the different s gerived from the spectra with low pollen content (i.e., less than

pollen zones (i.e., its position represents the centroids of the respecrg terrestrial pollen grains, for details see Tarasov et al., 2013).
tive pollen samples) and the major characteristics of their pollen

assemblages. A few less important taxa were deleted for clarity.

eastern Siberia today, but also cool conifer forest and cool
) . mixed forest biomes representing warmer climate regions of
other herbs pollenSelaginella rupestrispores as well as  {he southern Russian Far East. The reconstruction of the lat-

remains ofBotryococcus ter biomes is particularly noticeable for the lower part of the
o record (older than 3.370 Myr), although taiga and cold de-
3.2 Ordination of revealed pollen spectra ciduous forest are also frequently seen between 3.355 and

i i 2.564 Myr BP. Tundra first appeared as a possible dominant
The ;wo-dlmensmnal nMDS produced a stress value ofyoqatation type around 3.367 Myr BP. Two long intervals
16.8 % (stress type 1, weak ties). The nMDS plot (Fig. 5) mir- 4, inated by arctic tundra vegetation occurred around 3.367
rors the different pollen zones indicating major dlfferencesand 3.305-3.273 Myr BP. The biome reconstruction shows

in the species assemblage through time. The first axis Sey general trend in the vegetation evolution towards colder

arates tree taxa (right side) from herbaceous taxa (Ieft side),§ grier environments. However, as suggested by the recon-
P'aﬁ'”gdmosft ihrutl)s in between. Tgxa grouping or:jthe loWek i cted fluctuations in the pollen taxa percentages and in the
right si be Odtl € p%t (e.g.Tsuga Abies M()j/nc_ar,] an telm— Iddominant biome scores, this process was not gradual. Biome
perate broad-leaved taxa) are associated with samples 0ld@L g ction results are further used for the interpretation

than 3.355 Myr (P,ZS 2-7) a”‘?' summarize elgment§ of My g discussion of the past environments together with other
perate and_cool_ mixed or conifer forests. Typical taiga taxa,, ailable records (for details see Tarasov et al., 2013).
such ad.arix, Pinus and Alnus were placed on the upper

central and upper right side, however, related pollen zones

originating from time slices throughout the pollen record are4  |nterpretation and discussion

younger than 3.2 Myr. Dry tundra and steppe elements (e.g.,

Thalictrum Artemisig and Brassicaceae) and typical moist 4.1 Environmental conditions before 3.6 Myr BP

tundra elements and dwarf shrubs (Cyperaceae, Eridades,

tula, Alnug are placed in the lower left part and the center of There is little data available concerning environmental con-
the plot, respectively. This indicates that the inferred pollenditions across Chukotka before 3.6 Myr BP, and these data
taxa relationships reflect their composition in modern veg-are obtained from a number of floodplain outcrops in the En-
etation types. A strong change between neighboring polleimyvaam River valley, south of the EI'gygytgyn Lake basin
zones is evident. This is also obvious from the trend in the(Belyi et al., 1994; Minyuk et al., 2006; Glushkova and

plots of the first and second axis through time (Fig. 6). Smirnov, 2007, and references therein). The sediments are
paleomagnetically dated to the Gauss chron (3.6—2.5 Myr
3.3 Biome reconstruction BP) by Minyuk et al. (2006). They are overlain by the so-

called, chaotic impact horizon, containing spherules, whose
Biome reconstruction results suggest that six main vegetaerigin is connected to the EI'gygytgyn impact event (Minyuk
tion types dominated the Lake EI'gygytgyn area during theet al., 2006; Glushkova and Smirnov, 2007). Hence, it is
studied interval (Fig. 6). The types include not only boreal likely that studied sediments accumulated shortly before the
grass-shrub vegetation (i.e., tundra and cold steppe), coldnpact event, about 3.58 Myr BP. The sediments contain nu-
deciduous forest, and taiga growing in eastern and northmerous remains of treesdrix, Betula Alnug and shrubs
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(Pinus pumila Alnus fruticosa. Moreover, an extinct ther- Thus, we are limited in the information concerning the
mophilic shrub Aracispermum johnstrup{iMyricaceae) has initial vegetation succession between the impact event and
been found. Pollen assemblages in this interval are domica. 3.575Myr BP. One exception is the short interval (ca.
nated byPinuss/gHaploxylon Picea Abies Betula,andAl- 3.5835-3.5800 Myr BP). Pollen presence in the sediments
nuswith rare pollen of more thermophilic taxa likesuga dated to this interval is notably higher (although pollen
Myrica, Carpinus Corylus Quercus Juglans, Ulmusllex, concentration remains extremely low,300 grains/g). The
and Acer (Belyi et al., 1994; Minyuk et al., 2006). Thus, pollen assemblages probably imply an initial stage of foresta-
pollen and macrofossil data suggest that forests with pinetion. Forests with alder, birch, larch, possibly with few spruce
spruce, birch, alder, and probably some thermophilic treesand lime started to grow in the lake area or in the close
were growing in the study area at the end of Gauss Chronyicinity. The relatively numerous remains Bbtryococcus
shortly before 3.6 Myr BP. The climate was much warmer and Pediastrumcolonies imply that green algae started to
than today: mean January temperatures are estimated to le®lonize the initial lake, which was rather shallow during
—13to—17°C (at least 15 higher than modern) and mean this interval. It is known that their abundance is greater in
July temperatures 14 to 2T (ca. 8-10 higher than modern) sediments deposited in shallow water, especially in small
(Glushkova and Smirnov, 2007). lakes and in the littoral environments of larger lakes (e.g.,
Other early/middle Pliocene pollen records from ChukotkaGuy-Ohlson, 1992; Clausing, 1999; van Geel, 2001).
and northeastern Siberia (e.g., Fradkina, 1983, 1988; Frad-
kina et al., 2005a, b, and references therein) also doc4.3 Environmental conditions ca. 3.575-3.531 Myr BP
ument that larch-spruce-birch-alder-hemlock forests were
broadly distributed in northeastern Siberia. The early/middleA few or single pollen grains d?iceg Pinuss/gHaploxylon
Pliocene pollen and macrofossils records in eastern Beringidarix, Abies Tsuga, BetulgAlnus Populus Salix Poaceae,
(central and northern Yukon, Alaska) show that mixed bo-Cyperaceae, Chenopodiaceae, Ericdientagq Artemisig
real forests withPinus Abies Larix, PseudotsugaBetula Saxifraga Fabaceae, Cichoriaceae, Rosaceae, Lamiaceae,
and Alnus also dominated the local vegetation of that re- and spores ofSphagnumand Polypodiaceae were found
gion (Schweiger et al., 2011, and references therein). Thén the sediments dated to ca. 3.575-3.550 Myr BP (PZ-1,
middle Pliocene pollen record from Lake Baikal shows thatFig. 3a—b). These pollen data must be carefully assessed for
mixed coniferous Rinus Abies Larix, Tsuga forests with  paleoenvironmental interpretation because of the extremely
some broadleaved tax®&(ercus Tilia, Corylus Juglang low pollen concentration. Nevertheless, it is notable that
were widely spread in southern Siberia (Demske et al., 2002)the spectra from the bottom part of the zone contain more
pollen of potential pioneer taxa, such as Chenopodiaceae,
4.2 Environmental conditions before ca. 3.575 Myr BP Artemisig Plantagq Saxifraga Cichoriaceae, and some oth-
ers, while tree pollen types are more common in the upper
Unfortunately, pollen, spores, and non-pollen-palynomorphgpart, which is also characterized by a higher pollen concen-
are almost completely absent in the studied lacustrine seditration. We suggest that the recovered pollen spectra imply
ments accumulated before ca. 3.575 Myr BP. The absence dhe initial stages of vegetation succession in the lake area:
palynomorphs can be explained for two main reasons. Firstherb-dominated pioneer habitats were more common before
plant communities as well as fertile soils that existed in theca. 3.55Myr BP and were gradually replaced over time by
study area before the impact event were likely destroyed invoody communities.
vast distances in and around the crater directly by the event
followed by provoked fires. It is difficult to estimate the du- 4.4 Environmental conditions ca. 3.531-3.481 Myr BP
ration of natural vegetation recovery after such global natural
catastrophe. But taking in consideration that not only the veg-Tree pollen percentages in the sediments deposited 3.531—
etation itself, but most probably also fertile soils were com- 3.481 Myr BP (PZ-2, Fig. 3a) are relatively high. High con-
pletely destroyed around the impact crater, the recovery protents ofAbiespollen, the permanent presence of pollen of rel-
cesses might have taken thousands years. Gradual increaatively thermophilic taxa, likd suga and single occurrences
of pollen content in PZ-I (ca. 3.575-3.55 Myr BP), where of pollen of broad-leaved taxa, likearpinus, Quercus, Cory-
pollen concentration is extremely low coincides well with lus, Carya, Pterocarygare also characteristic (Fig. 3a, b). It
such interpretation. However, the second and probably moré unlikely that thermophilic broad-leaved taxa might have
important reason why we do not find many pollen grains be-grown in the lake vicinity, however, the presence of this pos-
low 300 m (ca. 3.56 Myr BP) is the high sediment accumula-sibly long-transported pollen points to warm regional and
tion rate and weak pollen preservation in the lacustrine sediinter-regional climate conditions.
ments during the initial phase of the lake formation. The rare Contents ofLarix/Pseudotsuggollen types are the high-
pollen grains, which could be wind-transported from the fur- est during the studied records and probably imply the
ther distance, were most likely mechanically and chemicallydominance of larch in the region. However, it is also pos-
destroyed because of active processes in the initial lake basirsible that these pollen grains are at least partly produced by
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Pseudotsugé@Douglas fir). This suggestion is indirectly sup- marily Sporormiella Sordaria and Podospora indirectly
ported by very high pollen percentages of spruce and fir (upsuggest the presence of numerous large herbivores in the
to 35 and 8 %, respectively) as well as the presence of relalake vicinity (Baker et al., 2013), thus confirming com-
tively thermophilic taxa pollen. mon open habitats. However, the rather high percentages of
Pine stands were also numerous in the local vegetation. ILarix/PseudotsugandPinuspollen indicate that pine-larch-
is difficult to conclude, whether pollen &finuss/gHaploxy- Douglass fir (?) forests were broadly distributed in the area.
lon type was produced by tree pines (e.g., modern trees oA slight decrease ifPiceaand Abiespollen percentages af-
P. sibirica or P. koraiensisbelonging to this subgenus and ter ca. 3.449 Myr BP (PZ-4, Fig. 3a) coinciding with an in-
growing in Siberia and southern Far East) or by shrub pinecrease in Poaceae, Caryophyllaceae,/Anemisiapollen as
(e.g.,P. pumilabroadly distributed today in northeastern and well asLycopodium SphagnumSordarig andSporormiella
southern Siberia, Kamchatka, and northern Japan). Becauspores, implies a trend towards deforestation and a more
of the high content oPiceaandAbies we assume that a high open landscape.
proportion of theP. s/gHaploxylonpollen was produced by Thus, we assume that although coniferous (mostly pine,
tree pine. However, the relatively high content/fus fru-  larch and spruce) forests dominated the regional vegetation
ticosapollen show that shrub alder was also common in thebetween ca. 3.481 and 3.419 Myr BP, open and partly tree-
regional forests and most likely stone pine had also grown inless grassland habitats became more common across the
the area, especially at higher elevations. Furthermore, rathdandscape especially after ca. 3.449 Myr BP. Climatic condi-
high contents oSphagnunspores imply a broad distribution tions became cooler and probably wetter (increasgpinag-
of open wetlands. numspore contents) than during the previous interval, but
The published Pliocene pollen records from Chukotka anddryer episodes also regularly occurred. The suggested envi-
northeastern Siberia (e.g., Fradkina, 1983, 1988; Gitermamonmental changes might be associated with climate fluctu-
1985; Kyshtymov et al., 1988; Volobueva et al., 1990; Frad-ations documented in the Kutuyakh suite sediments broadly
kina et al., 2005a and b, and references therein) also docudistributed in northeastern Russia (including Chukotka), and
ment that forests with larch, spruce, birch, alder and hemlockpaleomagnetically dated between 3.4 and 1.8 Myr (Laukhin
were broadly distributed in the area until at least the end ofet al., 1999; Fradkina et al., 2005a, b). However, the age
the Early Pliocene. The relatively high-resolution Pliocene control of these records is very poor, making a direct com-
pollen record from Lake Baikal (Demske et al., 2002), which parison impossible. Generally, pollen-based reconstructions
reflects rather favorable environmental conditions betweeryielded larch-birch-spruce forests for the early Kutuyakh,
3.57 and 3.47 Myr BP is in a good agreement with our data. tundra vegetation for the middle Kutuyakh, and open larch-
Thus, our pollen data along with published environmen-birch forests-tundra during the late Kutuyakh for northeast-
tal records show that climate conditions in the study area atrn Siberia (Giterman, 1985; Fradkina et al., 2005a, b). Envi-
~3.52-3.48 Myr BP (MIS MG7) were the warmest during ronmental records from northern Yakutia also show a gradual
the studied time intervals. Permafrost was probably still ab-vegetation change towards tundra and the expansion of larch-
sent in the area, but the first evidence for seasonally frozemirch forests during the Kutuyakh interval (Grinenko et al.,
sediments in northern Eurasia is suggested at some sitek998).
(Fradkina et al., 2005a and b, and references therein). In line The unconsolidated fluvial-lacustrine deposits that accu-
with the qualitative interpretations of the regional botanical mulated in the Enmyvaam River valley above the chaotic im-
records, the biome reconstruction (Fig. 6) also indicates bopact horizon yield pollen spectra, which suggest a mosaic of
real forests in the region, and further suggests the predomivegetation types by open grasslands and coniferous forests
nance of boreal trees and shrubs, as wells as taiga-like vegavith birch and alder trees (Glushkova and Smirnov, 2007).
tation during the colder intervals. In contrast, the presence oBelyi et al. (1994) reconstructed birch and alder shrubs al-
cool, temperate trees and shrubs in the vegetation was morernating with wetlands along rivers during the Kutuyakh in-
pronounced during the warmer intervals, leading to our re-terval. However, these regional records are very fragmented
construction of cool conifer forest at this time. and poorly dated, and thus cannot be directly compared with
our record or with the records mentioned above. In contrast,
4.5 Environmental conditions ca. 3.481-3.419 Myr BP the lacustrine pollen data from Lake Baikal (Demske et al.,
2002), showing drier and colder episodes around 3.47 and
A significant decrease in arboreal pollen percentages, es3.43 Myr BP are relatively comparable with the environmen-
pecially the more thermophilic taxa likeicea Tsugaand tal fluctuations inferred from the Lake EI'gygytgyn record.
Abies at about 3.481Myr BP (PZ-3, Fig. 3a) suggests The biome reconstruction (Fig. 6) displays greater vari-
harsher environmental conditions than during the previousation in the vegetation communities. As in the earlier part
interval. The beginning of the interval coincides well with of the record, cool conifer and taiga forests are often seen
MIS MG6. Open habitats (increased Poaceae and Cyperfor this time interval, but colder phases are marked by the
aceae pollen percentages) became more common in the langredominance of cold deciduous forest. The cool mixed for-
scape. Significant amounts of coprophilous fungi spores (pri-est reconstruction (found twice in the middle part of this
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interval) suggests the presence of cool, temperate broadhat steppe-like habitats witArtemisiawere less common
leaved taxa somewhere close to the lake, and thus, impliethan before. Decreased spruce and dwBatulapollen con-
warmest climate of the whole record. tents along with the increased contents of coprophilous fungi
spores suggest the presence of treeless habitats in the area.
4.6 Environmental conditions ca. 3.419-3.387 Myr BP Significant amounts of coprophilous fungi spores (primarily
Sporormiella SordariaandPodosporain the sediments sug-
The pollen spectra, which accumulated 3.419-3.387 Myr BPRgest the presence of grazing animals in the lake vicinity and
(PZ-5, Fig. 3a, b) imply the increased presence of sprucelso confirm that open habitats were common in the study
and especially fir in the area, indicative of relatively warm area.
climate conditions. The remains of a fir twig (identified by = The biome reconstruction (Fig. 6) shows the first appear-
V. R. Filin, Moscow State University) found in the sedi- ance of tundra as a vegetation type in the study region, thus
ments dated to about 3.4 Myr BP directly confirms the pres-confirming notable climate deterioration. However, boreal
ence of fir in the vicinity of the lake. Coniferous forest with vegetation continuously dominated the landscape.
spruce, pine, and fir dominate the regional vegetation. Higher These pollen assemblages can be compared with pollen
presence ofMyrica pollen and pollen of long-distance- spectra in till sediments of northeastern Chukotka. These
transported broad-leaved tax@arpinus Corylus Juglans spectra reflect significant cooling at about 3.5-3.2 Myr BP
Tilia) also support a warmer climate. Another important pe-during the so-called Zhuravlinean glaciation, the first lo-
culiarity of the PZ-5 pollen assemblages is the permanental alpine glaciation, when mountain glaciers extended
presence (sometimes up to 3 %) @elasinosporaspores. into the lowlands (Laukhin et al., 1999; Fradkina et al.,
Gelasinosporaspecies are mainly fimicolous, but also car- 2005b). However, the age control on these sediments is
bonicolous and lignicolous. Their spores reach the highesvery poor. Pollen-based climate reconstructions using the so-
frequencies in highly decomposed buried peats, which conealled information-statistical method (Klimanov, 1984) sug-
tain burned woody remains and charcoals (van Geel, 2001)gest mean July and January temperatures of ca. 1416 18
Therefore, rather the high content of their spores may pointand about-25 to —18°C, respectively, and annual precipi-

to a higher frequency of fire events. tation in the range of 425 to 500 mm (Laukhin et al., 1999).
According to Late Pliocene records from the CanadianGenerally, these estimations correlate rather well with cli-
Arctic coniferous forest (mostlPiceaandPinug likely ex- mate reconstructions based on our pollen record. However,

tended to the coast of Arctic Ocean (Schweiger et al., 2011)according our reconstructions, temperatures of the warmest
Reconstructed mean annual temperatures wet€¥¢armer  month between 3.387-3.310 Myr BP were not higher than
than today and mean summer growing temperatures were ag5°C and annual precipitation ranged between 300 and
proximately +14°C warmer than today (Ballantyne et al., 600 mm (Brigham-Grette et al., 2013; Tarasov et al., 2013).
2010). These estimations are close to the climate reconstruc-

tions for PZ-5 based on our pollen record (Brigham-Grette et . .
;l 2013) ure (Brig 4.8 Environmental conditions ca. 3.310-3.283 Myr BP

4.7 Environmental conditions ca. 3.387-3.310 Myr BP Low percentages of coniferous pollen in PZ-8 (Fig. 3a, b) and
increased percentages of Poaceae, Cyperadetamisia
Significant decreases RiceaandAbiespollen percentages Caryophyllaceae, Brassicaceae, Ranunculaceae, Rosaceae,
and increases in dwaBetulaand especially herbs (mainly and other herb pollen, as well &elaginella rupestriend
Poaceae, Cyperaceae alidemisig after ca. 3.387 Myr BP  coprophilous fungi spores reflect a mostly treeless tundra-
(Pz-6, Fig. 3a) reflect significantly colder and drier climate and steppe-like vegetation during this interval, which is syn-
conditions at Lake EI'gygytgyrSelaginella rupestrigindi- chronous with MIS M2. Although very pronounced changes
cator of dry environments) spores became an important comin the pollen assemblages point to dry and cold climate con-
ponent of the pollen assemblages as well. The revealed speditions similar to those during the Late Pleistocene, relatively
tra indicate that pine-larch forests dominated the vegetationhigh pollen contents cAlnus Betula Pinus andLarix show
but open, herb-dominated habitats were also common arounthat tree and shrubby vegetation also survived in the area,
the lake. The beginning of environmental changes coincideprobably in more protected localities. Relatively high con-
well with MIS MGA4. tents of cysts oZygnemggreen algae) in the lake sediments
After 3.35Myr BP (PZ-7, Fig. 3a, b) a further disap- point to shallow-water environments, likely a result of lake
pearance of tree pollen from the spectra accompanied bievel lowering. High contents dbphagnunspores indicate
an increase in herbs and spores indicate that environmerthe existence of wetlands in the lake vicinity.
tal conditions became much cooler. The onset of these en- Large amounts of coprophilous fungi spores indirectly im-
vironmental changes coincides well with MIS MG2. An in- ply a permanent presence of numerous grazing herds (e.g.,
crease inSelaginella rupestrizontent documents very dry bison, mammoth, horse) around the lake, thus confirming
climate conditions. The disappearanc@ofemisiaindicates  that open habitats became broadly distributed in the study
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area. Interestingly, this episode corresponds to the so-called Rather high amounts of coprophilous fungi spores (mostly
Mammoth paleomagnetic subchron. Sordarig in the lake sediments are notable until ca.
The climate of the M2 interval at Lake El'gygytgyn co- 3.202 Myr BP inferring the presence of numerous grazing
incides well with colder and drier climate conditions found animals, although they probably occurred in reduced abun-
in the Lake Baikal record (Demske et al., 2002). Generally,dance compared to the MIS M2 interval. Small peaks of
the pollen assemblages imply the likely mosaic character oBotryococcusgreen algae colonies also found in the sedi-
the vegetation. The M2 interval might also be linked to the ments dating between ca. 3.251 and 3.202 Myr BP suggest a
final (coldest) stage of the Zhuravlinean glaciation recordedshallower water environment in the lake.
in eastern Chukotka that is supposed to have occurred 3.5—
3.2 Myr BP (Laukhin et al., 1999; Fradkina et al., 2005b).  4.10 Environmental conditions ca. 3.202—3.060 Myr BP
The existing terrestrial and marine records also provide
consistent evidence for the intensification of continentalAfter ca. 3.202 Myr BP (PZ-11, Fig. 3a) spruce again be-
glaciations in the Northern Hemisphere during the middlecame a more important component in the local forests, sug-
Pliocene (e.g., Matthiessen et al., 2009; de Schepper et algesting further climate amelioration. A significant decrease
2013, and references therein). Therefore, we suggest dry anof Poaceae and Cyperaceae pollen &mphagnumspores
cold environments reconstructed from PZ-8 pollen assem<€ontent, alongside the disappearance of coprophilous fungi
blages to be simultaneous with the coldest stage(s) of thepores from the pollen assemblages suggest that open habi
Zhuravlinean glaciation traced in eastern Chukotka. Environ-tats decreased in the landscape. A higher presendgica
mental records from eastern Beringia also indicate more opepollen and pollen of long-distance-transported broad-leaved
forest conditions and the existence of permafrost (ice wedgeaxa, such a€arpinus Corylus Juglans andTilia (Fig. 3b)
casts) at about 3 Myr (Schweiger et al., 2011, and referencealso points to warmer climate conditions during the interval.
therein). In the biome reconstruction (Fig. 6) this interval is  Climate reconstructions based on our pollen record show
marked by a continuous dominance of tundra and an absendbat the temperature of the warmest month between 3.202
of forest biomes. and 3.060 Myr might have reached 16-°T7 (Brigham-
Grette et al., 2013; Tarasov et al., 2013). Thus, the interval,
4.9 Environmental conditions ca. 3.283-3.202Myr BP which coincides well with the PRISM interval (Dowsett et

o ) al., 2010) was not as warm or wet as it was between 3.58
A distinct increase of coniferous pollen percentages (mostly,,q 3 40 Myr (PZs 1-5). However, it is also notable that our

Pinuss/gHaploxylor) at about 3.283 Myr BP (PZ-9, Fig. 3a) ' econstructed temperatures are ca°C.varmer than those
implies the dominance of pine stands in the region of Lakeg;qgested by multi-model simulations of the Pliocene Model
El gygytgyn. The pollen spectra also contiarix gndPlcea Intercomparison Project (Haywood et al., 2013).

suggesting that pine-larch-spruce forests dominated the area pz_11 interval may at least partly coincide with the top
between ca. 3.283 and 3.251 Myr BP. Large amountlof o the pligcene Beaufort formation at Meighen Island in
nus fruticosapollen suggest that shrub alder was the mosty,e canadian Arctic, which was dated to 3.2 Myr. This for-
common shrub in the local forests. PollenRfuss/gHap-  mation contains two- and five needle pines with beetle as-
loxylon might have been at least partly produced by shrubgempiages suggesting minimum and maximum season tem-
pine (P. pumilg, which today covers higher elevations in peratures+10 to +15°C warmer than today (Elias and

southeastern Siberia that have deep snow. However, a bettgi5thews. 2002: Schweiger et al., 2011). Boreal forests at
subdivision ofPinuspollen produced by trees and by shrubs (i time stretched from 60 to 80! and included pine taxa,

is not possible. _ _ which are absent in the modern Alaska and Yukon forests
Coniferous pollen contents gradually increased in PZ'(Matthews and Telka, 1997).

10 (ca. 3.251-3.202 Myr BP), but this pollen assemblage
contain rather large amounts #inus Poaceae, and other

In the Lake El'gygytgyn sediments deposited since
o ' ca. 3.087 Myr BP numerous small (ca. 12—15um in diame-
herb pollen, such artemisig Ericales, Caryophyllaceae, ey globose and transparent macrofossils, often with an S-
Chenopodiaceae as well &elaginella rupestriand €o-  ghaned furrow occur (Fig. 4). This type has been described
prophilous fungi spores. The assemblage shows that 0pefom aipine lacustrine and peaty sediments by Klaus (1977)
herb-dominated habitats became more common again in thgs sq_calledCoccus nivalisThe concentration of these cysts
landscape than during the previous interval. This suggestfare reaches more than 300 000 pet imWeichselian sed-
the occurrence of a drier climate interval, which presumably;ments put their numbers drastically decreased in the early

coincides with MIS KM6. Our data also coincide well with Holocene deposits (Klaus, 1977; Schultze, 1984). The cysts

colder and drier climate conditions revealed from the Baikalin Lake Elgygytgyn are also similar to type 128B of van
record around 3.26 Myr BP (Demske et al., 2002).

Geel (2001, and references therein), but spines are missing
in our specimens.

The cysts are most likely hypnozygote spores of al-
gae fromChlamydomonagenus, which commonly produce
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thick-walled cysts under environmentally unsuitable con-ration inthe region. The onset of deteriorating environmental
ditions (e.g., van den Hoek et al., 1995). Such hypnozy-changes coincides well with MIS G22.
gote spores may have been produced by the so-called After ca. 3.043 Myr (PZ-13, Fig. 3a) higher contents of
snow-algae fromChlamydomona®r Chloromonasgenera  shrub taxa Betula sect. Nanag Alnus fruticos3, Poaceae
(T. Leya, Fraunhofer IBMT, 2011 and R. Below, University and Cyperaceae polleBelaginella rupestrignd Polypodi-
of Cologne, personal communications, 2013). aceae spores appear, while tree pollen percentages are sig-
Snow-algae are common today in snow and ice fieldsnificantly reduced. These changes are interpreted to reflect
in arctic and alpine regions around the world (e.g., Kol, the broader distribution of open treeless habitats in the study
1968; Miller et al., 1998; Gorton and Vogelmann, 2003; area, thus suggesting colder and drier climate conditions.
Remias et al., 2010, and references therein). Manlamy-  Similar climatic conditions coincide with the Baikal pollen
domonasspecies are also common under aquatic conditionsrecord based upon an increase in sporeSalfginella ru-
Their cells and resting hypnozygotes are commonly responpestrisaround 3.03 Myr BP (Demske et al., 2002).
sible for the blood-red color seen on surfaces of snow fields Around 3.025 Myr BP, contents &etulaandAlnusshrub
and at the bottoms of desiccated rock pools and bird bathpollen significantly decrease in the spectra (PZ-14, Fig. 3a),
Miiller et al. (1998) reported that small (ca. 10 um), round while Pinus PiceaandLarix increase. Hence, pollen spec-
cysts were the most common type in snow surface samplega document that pine-larch forests with some spruce trees
from Svalbard. Moreover, such cysts are very common inwere the common vegetation type between ca. 3.025 and
modern pollen samples collected from surface ice and snov2.990 Myr BP. However, high contents of Poaceae and
fields in the coastal areas of western Siberia (e.g., Vasil'chukCyperaceae pollen as well &elaginella rupestrispores
and Vasil’chuk, 2009, 2010) or at the North Pole (Ukraint- show that open treeless habitats were also common in the
seva et al., 2009). Unfortunately, the identification of suchstudy area during this interval, coinciding with the MIS
small, round cells in the pollen slides is problematic and theyG20. These changes point to intervals of climate deteriora-
are often reported in the pollen records as spores of greetion consistent with colder and drier conditions corroborated
mosses (the so-called Bryales). Such Bryales are often reby higher contents of coprophilous fungdrdarig. Open
ported in palynological assemblages of Quaternary deposittreeless habitats, are suggested with grazing mammals more
in the Russian literature being interpreted as green mossommon than earlier intervals.
spores; however, their real origin remains uncertain.
Thus, we regard it as rather likely that the numerous cystst.12 Environmental conditions ca. 2.990-2.80 Myr BP
found in the El'gygytgyn lacustrine sediments were proba-
bly produced by snow algae. Snow algae are known to beThe interval ca. 2.990-2.924 Myr BP (PZ-15, Fig. 3a) is re-
well adapted to a rather narrow temperature range aroundharkable based upon the disappearanc8edéginellaand
0°C with optimum growth conditions below 2C (Muller coprophilous fungi spores from the pollen assemblages, and
et al.,, 1998). The presence of numerous hypnozygotes imignificant decreases in Poaceae, Cyperaceae contents, while
the El'gygytgyn sediments younger than ca. 3.087 Myr BP Piceashows relatively high contents. Thus, the pollen assem-
(above 163.5m core depth) therefore may indirectly reflect ablages imply that forests with pines, larch, spruce, and prob-
longer persistence of large snow fields in the study area durably some fir became dominant in the regional vegetation
ing the cyst-dominated intervals. Air temperatures are supsuggesting a significant amelioration of environmental con-
posed to have varied between 0 andCGuring their grow-  ditions that coincides well with MIS G17. Rather favorable
ing season in spring. climate conditions before ca. 2.94 Myr BP are documented
At the end of PZ-11 at about 3.08 Myr BP, correspond- in the Baikal pollen record as well (Demske et al., 2002).
ing to the paleomagnetic Kaena subchron (Nowaczyk et al., Lower contents of coniferous pollen and a further increase
2013), an increase in dwaBetulaand herb pollen contents in Alnus Betula Poaceae, Cyperaceae, and Ericales pollen
occurred simultaneously with a drastic decrease of pollerafter ca. 2.935 (PZ-16, Fig. 3a) suggest a further climate
concentration suggesting a climate deterioration. At the sameleterioration. Later, between 2.924 Myr and 2.912 Myr BP,
time, a peak of herbs (especialrtemisig is also docu- pine and spruce probably completely disappeared from the
mented in the pollen record from Lake Baikal (Demske etvegetation, suggesting that climate conditions became even
al., 2002). worse. The PZ-16 interval coincides well with MIS G16.
Generally, the revealed deterioration of climate conditions is
simultaneous with the onset of an intensified Northern Hemi-
sphere glaciation during the Late Pliocene, which is dated
between 3.0 and 2.9 Myr BP (Matthiessen et al., 2009, and
Coniferous pollen gradually decreased in the sediments dereferences therein).
posited after ca. 3.06 Myr BP (PZ-12, Fig. 3a), while the con-  After 2.912Myr BP (Pz-17, Fig. 3a) coniferous and
tent of shrub taxaRetulasect.Nanae Alnus fruticosa and Cyperaceae pollen percentages further increase suggesting
Ericales increased. Such changes point to a climate deteridhat climate conditions became wetter and warmer again

4.11 Environmental conditions ca. 3.060-2.990 Myr BP
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across the western Arctic. The climate amelioration is alsoMIS G6. It may also coincide with the buildup of regional
suggested by an increased presence of long-distance tranige caps in northwestern Canada and an early Cordilleran ice
ported pollen by some thermophilic broadleaved taxa (PZ-sheet, which certainly took place between 3.00 and 2.58 My,
17, Fig. 3b). The start of the interval coincides well with but most likely started at 2.74 Myr (Duk-Rodkin et al., 2010).
MIS G15. Pine-larch forest with some spruce dominated the Climatic deterioration culminated between 2.719 and
regional vegetation. With an understory of forests in and2.698 Myr BP, as indicated by the absenceRifhus and
around the lake alder, birch, hearth shrubs and grass-seddgiceapollen, while at the same time shréfinusand dwarf
communities were also common. Betulaincreased and contents of herb pollen remain high
A drastic decrease iRinusandPiceapollen percentages (PZ-24, Fig. 3c). Such pollen assemblages imply that open

ca. 2.82 Myr BP, along with increases in willow, Caryophyl- herb and dwarf shrub communities dominated the vegetation,
laceae Artemisig Saxifragaand other herb percentages sug- reflecting very cold and dry climate conditions. A signifi-
gests drier and colder climatic conditions during that period.cant climate deterioration after 2.71 Myr BP is also recon-
This short-term climate deterioration coincides well with structed from the pollen record of Lake Baikal, in particu-
MIS G10 and a phase of reduc&duga—Piceanoist forests  lar by the nearly complete disappearance of hemlock pollen
that are documented in the Baikal pollen record around 2.89{Demske et al., 2002). Rather numerous remainBaify-
2.68 Myr BP (Demske et al., 2002). ococcusgreen algae colonies in the sediments from Lake

El'gygytgyn suggest shallower environments in the lake.
4.13 Environmental conditions ca. 2.800-2.733 Myr BP

4.15 Environmental conditions ca. 2.698—2.665 Myr BP
Climate conditions again became wetter and warmer ca. )
2.8Myr BP (PZ-19, Fig. 3c) as reflected by increases inB'etween 2.6.98 and 2.680 MyrBP (I?Z-22; Fig. 3c) areturn of
coniferous, Cyperaceae and Ericales pollen, &ptlagnum ~ Piné forests in the local vegetation is suggested by the rather

spores percentages. The revealed changes coincide well wiffigh Presence dpinuspolien which indicates some amelio-
MIS G9. Larch forests with shrub pine and alder dominatetion of the climate conditions that may coincide with MIS
around the lake. However, the relatively high presence ofc>: However, high contents drtemisiapollen also sug-
coprophilous Sordariaceae spores in the spectra indirectl?eSt the.presences of a rather dry'cllmate. Larch forests with
points to the presence of numerous grazing animals in th&{oN€ Pine, shrubby alder and birch alternated with open,
lake vicinity, and, therefore suggests that more open grassSt€PPe-like habitats.

sedge-herb communities were also common. A further in- Further disappearance BfnusandLarix pollen from the
crease in coniferous (including spruce) axduspollen con-  SPectra between 2.680 and 2.665 Myr BP (PZ-23, Fig. 3a) co-

tents ca. 2.79Myr BP (PZ-20, Fig. 3c) simultaneous with incides with the MIS G4, indicating a further deterioration of
very high pollen concentrations in the spectra point to moretn€ climate. Open tundra and steppe-like herb communities
favorable climate conditions during MIS G9. dominated the local vegetation. Higher contentGeflasi-

A remarkable decrease in coniferous pollen percentage80SPOra Glomus,and coprophilous fungi spores suggest the
ca. 2.771Myr BP (PZ-21, Fig. 3c), along with an increase Presence of grazing animals around the lake during this in-
in percentages of Poaceae, Cyperacéaemisia Ericales, terval qnd dlst'urbed soils. Dry forest types also expanded in
and Caryophyllaceae pollen aSelaginellaspores suggests the Baikal region after 2.68 Myr BP (Demske et al., 2002).
that local conditions responded to an interval of drier and
colder climate conditions. This climate deterioration might
coincide with MIS G8. A further increase in coniferous and a §rastic increase iRinus, Picea, Larixand Ericales pollen

Alnus pollen after ca. 2.75Myr BP (PZ-22, Fig. 3¢) shows cqntents between 2.665 and 2.646 Myr BP (PZ-27, Fig. 3c)
that larch forests with shrub pine some spruce, and aldefgiects the dominance of larch-spruce-pine forest in the Lake
dominated around the lake suggesting that climate cond|t|on%|,gygytgyn region. We infer that the climate conditions be-
became again more favorable. came much warmer and wetter.

. . The interval ca. 2.645-2.626 Myr BP (PZ-28, Fig. 3c) is
4.14 Environmental conditions ca. 2.733-2.698 Myr BP  qiaple because of the disappearance of coniferous pollen

_ i from the spectra, pointing to a significant climate deteri-
Coniferous pollen concentrations gradually decreased fromy otion during MIS G2. Open steppe-like herb communi-

the pollen assemblages accumulated after 2.733Myr BRieg gominated the local vegetation. Moreover, the increase
(PZ-23, Fig. 3c), while the content dBetula Poaceae, f Gelasinosporaand coprophilous fungi spore suggest the
Caryophyllaceae, and especialiytemisia increased. These resence of numerous grazing animals around the lake. The
changes suggest that forests disappeared from the vegetaﬂ%gher presence dirtemisiapollen at the beginning of the

while open steppe- and tundra-like habitats became morg,iana) suggests rather dry climate conditions.
common in the area. The implied climate deterioration to-

wards much drier and colder conditions coincides well with

4.16 Environmental conditions ca. 2.665—-2.626 Myr BP
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Concentrations dBetulasect.Nanae Alnus fruticosaand  grasses and other herbaceous taxa increased (Schweiger et
Cyperaceae pollen, anfphagnumspores show a signifi- al., 2011, and references therein).
cant increase after 2.635 Myr BP, which implies that birch Between 2.588 and 2.578 Myr BP (PZ-31, Fig. 3c) in-
and alder shrubs were common in the region, thus hintingcreases iharix and especialllnuspollen contents suggest
at much wetter climate conditions. This interval can be cor-that open larch forests with shrub alder, tundra- and steppe-
related with the onset of the most extensive Cordilleran icelike communities dominated in the region. A significant in-
sheet in northwestern Canada, which is dated to 2.64 Myr BRerease in pollen concentration also points to climate amelio-
(Hidy et al., 2013). ration in this interval.
Slightly less favorable climate conditions between 2.578
4.17 Environmental conditions ca. 2.626—-2.600 Myr BP  and 2.559 Myr BP (PZ-29, Fig. 3c) are suggested by a slight
decrease inLarix and Alnus pollen contents. Simultane-
Around 2.626 Myr BP (PZ-29, Fig. 3c) the pollen spectra ous and significant increases in Poaceae, Cyperaceae, Er-
suggest a return of pine and larch to the area, presumably dsales,Artemisig Caryophyllaceae, Ranunculaceae, Brassi-
a conseqguence of some climate amelioration coinciding withcaceae, and Asteraceae pollen &ethginellaspore percent-
MIS G1. This suggestion is confirmed by an increase in Er-ages also document rather dry and cold climate conditions.
icales pollen. The climate conditions became much warmeurthermore, the relatively high content of coprophilous
and wetter than during the previous interval. However, ratheifungi spores in this interval implies the presence of graz-
high pollen contents oArtemisig Caryophyllaceae, Brassi- ing animals around the lake. A small peak Botryococ-
caceae, and other herb as well@saginellaspores, which  cusaround 2.56 Myr BP may suggest shallow water environ-
appear after ca. 2.612 Myr BP, suggest drier environmentaiments in the lake.
conditions. Based on the pollen assemblages we can assumeThe environmental changes between 2.600 and 2.559 Myr
that the regional vegetation was characterized by larch forestBP might have been also associated with the beginning of
with stone pine, shrubby alder and birch, alternating withthe second, so-called Okanaanean glaciation that occurred
open steppe- and tundra-like habitats. in eastern Chukotka at the beginning of the Pleistocene
The upper boundary of the warm interval coincides ratheraround 2.5 Myr BP (e.g., Laukhin et al., 1999; Fradkina et al.,
well with the paleomagnetic Gauss—Matuyama boundary2005b). In contrast to the Zhuravlinean glaciation, which was
(Melles et al., 2011, 2012; Haltia and Nowaczyk, 2014; centered towards the ocean shore, the Okanaanean glacia-
Nowaczyk et al., 2013). Thus, vegetation changes showtion developed further to the west (Laukhin et al., 1999).
ing a transition from interglacial environmental conditions However, age control on the till sediments attributed to the
to glacial ones are reflected rather well at the Pliocene-Okanaanean glaciation is rather poor.
Pleistocene (MIS 104/MIS 103) boundary. The biome re- Pollen-based climate estimations for the same period con-
construction suggests a broad spectrum of vegetation conducted by Laukhin et al. (1999) yielded mean July temper-
munities representing arctic herb/shrub as well as boreahtures on order of 19C, mean January temperatures rang-
tree/shrub plant functional types (Tarasov et al., 2013). Tun4ing between-20 and—28°C, and annual precipitation — be-
dra, cold deciduous forest, and taiga are reconstructed sudween 400 and 450 mm. However, according our reconstruc-
gesting a larger variability in the regional climate. tions, temperatures of the warmest months between 2.600
and 2.559 Myr BP were probably not higher than 122@3
4.18 Environmental conditions ca. 2.600-2.532 Myr BP  and annual precipitation ranged between 250 and 350 mm
(Brigham-Grette et al., 2013; Tarasov et al., 2013). More-
Between 2.600 and 2.588 Myr BP (PZ-30; Fig. 3c) conifer- over, taking in consideration the poor age control of the sedi-
ous pollen is almost completely absent from the speétka. ments studied by Laukhin et al. (1999) it is rather difficult to
nus fruticosapollen contents and total pollen concentration compare the reconstructed climate parameters.
drop significantly as well, while the concentrationdBaftula Approximately 2.559 Myr BP (PZ-33, Fig. 3c) thaarix
sect.Nanaeand Cyperaceae increase. The spectra suggegollen concentrations significantly increased in the spectra
that dwarf shrubs became dominant in the regional vegetaagain. The interval is additionally characterized by lower
tion as a consequence of serious climate deterioration at theontents ofAlnus Poaceae, Cyperaceae, and other herbs.
onset of the Pleistocene (MIS 103). Climate conditions be-Such pollen assemblages suggest that larch forest again be-
came cooler and significantly drier compared with the previ-came more wide-spread around the lake, thus pointing to a
ous interval. slightly more favorable (wetter and probably warmer) cli-
In the Lake Baikal area, a remarkably reduction of forestedmate. This suggestion is also supported by a small increase
areas took place after 2.61 Myr BP, when steppe environin Sphagnunspores. The interval coincides well with begin-
ments later showed a strong expansion (Demske et al., 2002jing of MIS 101.
In eastern Beringia pollen and macrofossils also demonstrate A peak inPinuspollen and rather higharix contents be-
that Pinus and Picea species disappeared or were greatly tween ca. 2.549 and 2.532 Myr BP (PZ-34, Fig. 3c) docu-
reduced in the local vegetation after ca. 2.6 Myr BP, while ments a further climate amelioration during MIS 101. Larch
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forests with stone pine, shrubby alder, and birch in the un-reached broad distribution and maximum herb diversity in

derstory dominated the vegetation. Large amountdysf  the Baikal region (Demske et al., 2002).

copodiumspores in the spectra show that they also were im- The return of larch forests with shrubby birch and alder in

portant elements in the local vegetation. the understory took place between 2.435 and 2.400 Myr BP
(PZ-40, Fig. 3c) as reflected by much higher percentages of

4.19 Environmental conditions ca. 2.532-2.473 Myr BP  Larix, Alnus andBetulapollen.

Coniferous pollen drastically decreased again between 2.534.21 Environmental conditions ca. 2.400-2.354 Myr BP
and 2.515Myr BP (PzZ-35, Fig. 3c). High contents of
Artemisig Thalictrumand Poaceae pollen mark broadly dis-
tributed steppe-like habitats, thus suggesting very dry cli-
mate conditions. Numerous remains Bbtryococcusal-

A gradual increase irPinus pollen percentages starting
around 2.400 Myr BP (PZ-41, Fig. 3c) documents that stone
pine stands increasingly appeared in the lake vicinity or rel-
gae colonies imply abundant shallow-water environmentstively close by, although larch forests with shrubby birch
in the lake. and alder in the understory still dominated around the lake.
The pollen assemblages that have accumulated betweeRiS Suggests that the climate became slightly warmer than
2.515 and 2.492 Myr BP (PZ-36, Fig. 3c) suggest that larchP€fore. In addition, a higher presence$ghagnunspores
forest with dwarf birch in the understory dominated the area POINtS t0 & drastic increase in moisture ca. 2.385 Myr BP cor-

High contents ofSphagnunspores may be traced back to a re§pond[ng to the end of the PZ-41 intefval. Howe_ver, rel-
paludification and wetter soil conditions. The revealed cli- 2tively high amounts oBotryococcusemains found in the
mate amelioration coincides well with MIS 99. The contem- S€diments reflect shallow environments in the lake during the

poraneous Baikal pollen record also suggests that environinterval. This can best be explained by flooding of the rather

mental conditions at about 2.5Myr BP were relatively fa- flat parts of the crater due to a lake-level rise.

vorable, facilitating the growth of moisture-dependent firand A drastic increase iinuspollen percentages and polien

even broadleaved taxa in the area (Demske et al., 2002). concentration between about 2.386 and 2.374 Myr BP (PZ-
Between ca. 2.492 and 2.473Myr (PZ-37, Fig. 3c) larch#2: Fig. 3¢) indicates that dense stone pine communities

stands again played only a minor role in the vegetation. Highdominated the vegetation in the area during this period.

contents ofArtemisiaand Poaceae pollen imply that steppe However, shrub alder and birch stands were also common.

habitats became more common around the lake. This interval "€ Vegetation cover was probably very similar to the mod-
is simultaneous with MIS 98. ern northern larch taiga in northeastern Siberia, where nu-

merous stone pine, birch, and alder shrubs composed the

4.20 Environmental conditions ca. 2.473-2.400 Myr BP understory and dominated higher elevations. The relatively
high presence oPicea pollen may suggest the fact that

Contents of trees and shrubs are rather low in the pollersPruce also grew in the crater or in its close vicinity. Con-

assemblages accumulated between 2.473 and 2.465 Mﬁequently, climate conditions during PZ-42 became wetter
BP (low part of PZ-38, Fig. 3c). Very high contents of and warmer than during PZ-41. This interval is simultaneous

with MIS 93.

Starting ca. 2.374 Myr BP (PZ-43, Fig. 3c) percentages of
Pinus pollen again became much lower implying a signifi-
cant decrease in pine stands in the lake area, but larch prob-

pollen upwards in the zone suggesting some climate amelio2P!y still grew at the lake vicinity. Shrub alder also partly

ration coinciding with MIS 97. We assume that larch forests dis@ppeared from the local plant communities. Simultane-

with shrubby birch and alder in the understory grew around®US Peaks imrtemisia Poaceae, anBelaginella rupestris

the lake between 2.465 and 2.450 Myr BP. It is possible thaShoW that open steppe habitats again became dominantin the

shrubby habitats dominated at higher elevations. region. Thus, climate conditions are inferred to have been
Between 2.450 and 2.435Myr BP (PZ-39, Fig. 3c) larch much drier than before which coincides well with beginning

and shrub alder stands were probably completely absent iff MIS 92.

the lake area. As suggested by the high contents of Poaceae BEWeen ca. 2.364 and 2.354 Myr BP (PZ-44, Fig. 3c),
and Artemisiapollen, andSelaginellaspores, open, steppe- coniferous and shrub alder stands might have completely dis-

like communities were broadly distributed instead. An in- @PPeared from the lake vicinity. Instead, open steppe commu-
crease in the abundandertemisia pollen and a remark- nities dominated the vegetation. This implies climate con-
able peak irBotryococcusalgae colony remains point to a ditions even drier and also significantly colder than before.
short-term event of particularly dry climate, leading to in- This climate deterioration coincides well with MIS 92.

creased shallow-water environments in Lake EI'gygytgyn af-
ter 2.45 Myr BP. At the same time, coinciding well with the
beginning of MIS 96, dry forests and steppe communities

Selaginella PolypodiaceaeEncalypta and Gelasinospora
spores and a small peak Artemisiain this interval also
points to rather harsh environmental conditions. Gradually,
we see increased concentrationd afix, Alnus andBetula
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4.22 Environmental conditions ca. 2.354-2.289 Myr BP  2.269 Myr BP, Fig. 3c). The zone also contains evidence for a
higher presence of Ericales and single pollefPmiea Such
Increases inPinus and Larix pollen content and peaks in changes point to some climate amelioration, which may co-
shrub Betula and Alnus between 2.354 and 2.344 Myr BP incide with beginning of MIS 87. Larch forests with shrub
(Pz-45, Fig. 3c) suggest that the vegetation cover becamalder, dwarf birch, and probably few stone pines dominated
similar to the northern limit of modern northern larch taiga the vegetation in the region. Rare spruce might grow in more
and/or tundra-forest zones in northeastern Siberia, wher@rotected habitats.
open larch stands alternate with shrubby stone pine, alder, Stone pine completely disappeared again between ca.
and birch communities. Climate conditions were much wet-2.269 and 2.245 Myr BP (PZ-51, Fig. 3c), while birch and
ter and warmer than during the previous period. alder stands increased at the beginning of this interval co-
The amount oBotryococcugolonies were relatively high inciding with the end of MIS 87, but gradually decreased
in the sediments deposited between ca. 2.344 and 2.328 Myater on at the beginning of MIS 86. Relatively high contents
BP (PZ-46, Fig. 3c), suggesting the persistence of shallow-of Botryococcugemains in PZ-51 suggest the existence of
water environments in the lake. Very high percentagd2i-of  shallow-water environments in the lake.
nus a small peak ifPiceg and the presence afrix pollen Environmental conditions again became worse between
in the same interval suggest that the area was dominated bya. 2.245 and 2.230 Myr BP (PZ-52, Fig. 3c), when larch,
larch taiga with some spruce and dense stone pine communbirch, and especially alder shrub stands were further reduced.
ties in the understory. Shrub alder and birch stands were alsBeaks inArtemisiaand Poaceae pollen contents suggest a
broadly distributed around lake. broader distribution of steppe habitats under significantly
Successively decreasiri@inus pollen contents between drier climate conditions. This indicates that environmental
2.328 and 2.318 Myr BP (PZ-47 of the Fig. 3c) imply a conditions became drier and probably colder coincident with
gradual disappearance of pine from the vegetation. How-glacial conditions during MIS 86. Relatively high contents of
ever, larch forest with shrub alder, dwarf birch, and proba-BotryococcusndPediastrunalgae colony remains and cysts
bly some stone pines dominated the area until ca. 2.318 Mybf Zygnematype in the sediments point to shallow-water en-
BP (PZ-48). The simultaneous increase in Ericales pollervironments, likely as a result of lake-level lowering. How-
contents shows that heath communities were exceptionallgver, high contents @phagnunspores document that boggy
broadly distributed around the lake during that time. En- habitats were also common around the lake.
vironmental conditions obviously were drier between ca.
2.318 and 2.307 Myr BP (PZ-48), as evidenced by increaseg.24 Environmental conditions ca. 2.230-2.150 Myr BP
in Artemisiaand Poaceae pollen contents. Steppe coenoses
were common in the area. The presence of numerous reBetween ca. 2.230 and 2.214 Myr BP (PZ-53, Fig. 3c) dras-
mains ofBotryococcuslgae colonies suggests the existencetically increasedetulaandAlnuspollen concentrations and
of widespread shallow-water environments in the lake. Grad-the disappearance éftemisiaare thought to reflect shrubby
ual climate deterioration suggested in PZ-47 and PZ-48 cocommunities that again became more common in the lo-
incides well with MIS 90. cal vegetation. Climate conditions were probably wetter and
From ca. 2.307 to 2.289 Myr BP (PZ-49, Fig. 3c) pine warmer than during the PZ-52 interval coinciding well with
was probably completely absent in the regional vegetationthe beginning of MIS 85. Nevertheless, an increas&én
However, a rather higher presencelairix, Alnus andBe- laginella rupestris spores indicates that the climate was
tula pollen in the spectra, along with decreases in herbrather harsh.
pollen contents suggest that larch forest with shrub alder A small peak of Pinus pollen between 2.214 and
and dwarf birch in understory became more broadly dis-2.200 Myr BP (PZ-54, Fig. 3c) implies that stone pine might
tributed around the lake. Climate at this time was wetterhave grown in the region, thus pointing to a further climate
and warmer than during the previous time interval coincid-amelioration, which might be correlated with the end of MIS
ing well with MIS 89. 85. This suggestion is confirmed by peak#&lnusand partly
A comparable, presumably coincident climate change isBetulg and a simultaneous decrease in herb pollen content.
deduced from palynological data in northwestern Canada an€limate conditions were probably slightly warmer than dur-
Alaska, which shows that floristic elements required to forming the PZ-53 interval.
northern boreal forests and tundra ecosystems were first es- Pine disappeared again from the regional vegetation after
tablished in the region about 2.3 Myr (e.g., White et al., 1997,2.2 Myr BP (PZ-55, Fig. 3c) implying a further climate de-
and references therein). terioration. Peaks il\rtemisiaand Poaceae pollen contents
at the beginning of the zone suggest a broader distribution
4.23 Environmental conditions ca. 2.289-2.230 Myr BP  of steppe habitats under significantly drier climate condi-
tions. This suggests that environmental conditions became
Pinus pollen shows a small peak in the Lake EI'gygytgyn drier and probably colder coincident with MIS 84. A simul-
sediments deposited at the upper part of PZ-50 (2.289-taneous peak iBotryococcuslgae colony remains points to
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