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Alkane biomarker and pollen data were obtained from a 15-m-high and probably ¢. 240-kyr-old loess-like per-
mafrost palaeosol sequence (‘Tumara Palaeosol Sequence’, TPS) in northeast Siberia. The alkane results were
corrected for degradation effects by applying an end-member model and were evaluated by comparing them with
the palynological results. The two data sets are generally in good agreement and suggest that the lower part of the
TPS developed mainly under larch forests, whereas the upper part of the sequence reflects the expansion of mam-
moth steppes during the Weichselian glaciation and finally reforestation during the Lateglacial and the early Ho-
locene. For the lower part of the TPS, the palaeoclimatic interpretation according to modern analogue methods
would indicate warm, interglacial conditions, but this is at odds with the climate chronostratigraphy based on a
multi-proxy palacopedological approach and numeric dating. Provided that the correlation of the discussed stra-
tigraphic unit with the Late Saalian glaciation and the Marine Oxygen Isotope Stage 6 is correct, our results sug-
gest that temperature was not a limiting factor for tree growth at that time. Furthermore, it seems very likely that it
was not mainly temperature changes but rather increasing aridity and continentality during the course of the last
glacial that favoured the expansion of the mammoth steppe.
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Northern Siberia may play a key role in influencing the
climate of the entire Earth. The classical Milankovitch
Theory suggests that changes in summer insolation
owing to the Earth’ orbital parameters caused a build-
up of snow and ice over the extensive continental mas-
ses at high northern latitudes (Hays et al. 1976). Var-
ious positive-feedback mechanisms such as surface
albedo and concentration of atmospheric carbon diox-
ide are considered to have then been responsible for the
onsets of global glaciations. More recently, high north-
ern latitudes have received a lot of attention as a result
of the potential of their soils and peats to release large
amounts of methane and carbon dioxide (Zimov et al.
2006; Khvorostyanov et al. 2008). The Siberian ecosys-
tems may turn into significant greenhouse gas sources
as global warming continues and causes melting of
permafrost and mineralization of the soil organic ma-
terial that has been built up and stored over thousands
of years.

In order to better predict the response of ecosystems
to global warming it is essential to know how they re-
acted to climate changes in the past. Both vegetation
and climate changes in Arctic Yakutia have been re-
constructed using pollen analyses (Klimanov 1984;

Klimanov & Andreev 1992; Alekseev 1997; Tarasov
et al. 1998; Andreev et al. 2001, 2002a, 2004; Ilyashuk
et al. 2006 and references therein). Unfortunately,
many studies of Late Pleistocene records in northern
Siberia are lacking reliable age control and/or the re-
cords are not long-term continuous ones. Methodolo-
gically, palynology is limited to archives allowing
conservation of pollen. Furthermore, the variable pol-
lination rates of different plant species, the influx of
pollen transported over long distances, and the differ-
ent resistances of pollen taxa to degradation may cause
discrepancies between local vegetation in the past and
the observed pollen spectra (Fegri & Iversen 1989).
Therefore, a comparison of palynological and biogeo-
chemical results may be useful for palaeoenvironmental
reconstructions. For instance, in tropical and sub-
tropical regions, the natural abundance of stable car-
bon isotopes is already widely applied to reconstruct C3
(trees) versus C4 (grasses) vegetation changes (e.g. Zech
et al. 2009). In temperate, boreal and alpine environ-
ments with an exclusively C3 photosynthetic pathway
during the Quaternary, alkane biomarker analyses
could become a promising complementary method to

palynology.
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Alkanes are important constituents of cuticular plant
leaf waxes (Kolattukudy 1976). They are deposited
with the litter and subsequently buried in soils/sedi-
ments, where they are considered to be relatively re-
sistant to degradation (Cranwell 1981; Meyers &
Ishiwatari 1993). While short- and mid-chain alkanes
serve as biomarkers for lacustrine-derived organic
matter (Bourbonniere et al. 1997; Ficken et al. 2000;
Zhang et al. 2004; Zech et al. 2009), long-chain alkanes
(Cs7, Cy9, C3; and Ci3) dominate in terrestrial plants.
The alkane pattern thereby depends on the type of ve-
getation. Hence, alkanes in sediments have been used in
palaeoenvironmental studies to reconstruct vegetation
changes (Cranwell 1973; Farrimond & Flanagan 1996;
Nott et al. 2000; Schwark et al. 2002; Zech 2006; Zech
et al. 2009).

In this paper we present alkane biomarker and pollen
results obtained for a loess-like permafrost palaeosol
sequence in the Tumara River Valley (‘Tumara Pa-
laeosol Sequence’, TPS) in northeast Siberia. The main
objectives are (i) to evaluate the potential of long-chain
alkanes to serve as biomarkers in permafrost palaeosol
sequences, (ii) to contribute to the reconstruction of the
vegetation history in the study area, and (iii) to com-
pare the results with the climatic chronostratigraphy
based on a multi-proxy palaeopedological approach
(Zech et al. 2008).

Material and methods

Geographical setting, modern climate and vegetation

The loess-like permafrost palacosol sequence TPS
(120ma.s.l.,, 63°36’'N, 129°58’E) is located about
300 km north of Jakutsk on the banks of the Tumara
River, the latter draining part of the southern Ver-
khoyansk Mountains (Fig. 1). Between the mountains
in the north and the debouchure into the Aldan River in
the south, the Tumara River cuts a 100-km-long trans-
ect through Quaternary and Tertiary deposits. It there-
by passes large moraine arcs that are abundant in the
western and southwestern Verkhoyansk Forelands and
that document several former piedmont glaciations
(Kind 1975; Kolpakov 1979; Stauch et al. 2007). The
TPS itself it situated several kilometres beyond the
outermost moraine arc on a fluvioglacial terrace of
Middle Pleistocene age.

Today no glaciers exist in the study area, although the
climate is characterized by extremely cold winter seasons.
In Jakutsk, maximum and minimum temperatures are 30°
to 38°C and —60° to —70°C, respectively (Miiller 1980).
Annual precipitation (Jakutsk: 213 mm/yr, Verkhoyansk:
155 mm/yr), mainly brought by the westerlies, is too low
to support glacial transgression. Nevertheless, the ex-
treme continental conditions cause the formation of
permafrost 400-600 m thick (Wein 1999).
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Fig. 1. Geographical setting of the Tumara Palacosol Sequence
(TPS) in the Southern Verkhoyansk Mountains, northeast Siberia.

The vegetation is characterized by larch forests that
typically cover the southern and western forelands of
the Verkhoyansk Mountains (Anderson & Lozhkin
2001). According to Timofeev (2003), Larix dahurica
and Betula pendula and B. alba trees are the pre-
dominant species in the forest vegetation cover. Spruce
(Picea obovata) and alder (Alnus hirsuta) grow only
along the rivers and creeks, where there are locally fa-
vourable micro-climatic conditions. Shrubs and dwarf
shrubs including Alnus fruticosa, Betula exilis, B. fruti-
cosa and Pinus pumila are also common in the local ve-
getation cover. Above ¢. 450 ma.s.l. the woodland is
replaced by arctic-alpine tundra and dwarf shrub tun-
dra communities with Pinus pumila, Betula nana, Em-
petrum sp., Vaccinium vitis-idaea, V. uliginosum and
Ledum palustre.

Stratigraphy and chronology of the TPS

Approximately 10 km south of the outermost moraine
arc, a 50-60m high cliff is exposed on the right river
bank. Its lower part consists of yellow Tertiary sand
with embedded fossil woods and trunks. According to
Grinenko & Kamaletdinov (1993) the overlying grey
sands and pebbles are of Early Pleistocene age. Mid-
Pleistocene fluvioglacial sandy gravels were deposited
between about 15 and 33 m depth. The upper 15m of
the exposure is referred to as the “TPS’ and consists of
frozen dark grey loess-like sediments interbedded with
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brown soil horizons (Fig. 2B). Only the uppermost
decimetres thaw during the summer months and form
the active permafrost layer. A detailed description and
discussion of the chronology is provided by Zech et al.
(2008), and the stable carbon and nitrogen isotope
compositions are presented in Zech et al. (2007).
Briefly, both morphological features and analytical
results allow the stratigraphic units A, B1-3, C1-3, D
and E to be distinguished. The dark grey units B, C2
and D are characterized by higher organic carbon con-
tents (TOCs) than the brown, more intensively weath-
ered units A, Cl, C2 and E (Fig. 2B). Taking into
account all other available pedologic characteristics
(geochemistry, grain-size distribution and character-
ization of the soil organic matter), it has been proposed
that Units B, C2 and D reflect cold glacial conditions
characterized by only thin active permafrost layers and
resultant water-logging conditions (Zech et al. 2008).
As a consequence, soils are not intensively weathered
and organic matter is well preserved. Units A, C1, C3
and E, on the other hand, have been interpreted to re-
flect interglacial or interstadial conditions (Fig. 2B).
More intensive weathering and organic matter decom-
position indicate better soil drainage and less influence
of permafrost. Considering the available numeric dat-
ing results (Fig. 2A) and comparing the stratigraphy
with other Northern Hemisphere records (e.g. Kar-
abanov et al. 1998; Svendsen et al. 2004), a tentative
correlation with marine oxygen isotope stages (MISs)
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has been proposed (Zech et al. 2008). Accordingly, the
TPS started to develop about 240 kyr ago. Unit D cor-
responds to the Late Saalian glaciation of Svendsen
et al. (2004) during MIS 6, and Unit C3 to the last in-
terglacial (Eemian) during MIS 5e. The unit boundaries
B/C and C2/C3 probably reflect unconformities, and
Units C1 and C2 may contain reworked material. De-
spite the radiocarbon age inconsistencies occurring at
1.2m depth (possibly related to windblown yedoma
and thus the input of old organic matter), Units B1, 2
and 3 are correlated with MIS 2, 3 and 4, respectively.
This interpretation is corroborated by two new radio-
carbon dates from 2.2 and 3.4 m depth (KIA 36491 and
KIA 36490), yielding 13.1 and 40.0 cal. kyr BP for hu-
mic acids and 19.4 and 45.7cal. kyr BP for humins,
respectively (Fig. 2A).

Note that two IRSL ages in Fig. 7 of Zech et al.
(2008) are plotted incorrectly (Fig. 2A). Methodologi-
cally, the IRSL data published in Zech et al. (2008) face
two main problems. Insufficient bleaching prior to de-
position would result in age overestimation. This may
be the case for the 177-kyr date at the base of the pre-
sumably reworked Unit C2. On the other hand, IRSL
age estimates extending the 100-kyr age range are often
close to saturation, resulting in significant IRSL age
underestimation. Furthermore, the IRSL data were not
fading-corrected, as a fading correction in the ex-
ponential part of the growth curve is at present not
available.
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Fig. 2. A. Numerical dating results. B. Tumara Palaeosol Sequence stratigraphy and proposed chronostratigraphy according to Zech et al.
(2008). C. depth profiles for the OEP (odd-over-even predominance), the alkane ratios C3;/C,7, Cy9/Cy7 and C3,/Cyo. D. alkane biomarker
modelling results. HA = alkali soluble substances (humic acids); H = alkali insoluble substances (humins). Calibration of radiocarbon ages

was performed using the Calpal-Online programme.
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Alkane and pollen analyses

After the upper 15m of the TPS had been cleaned and
described, a total of 117 samples were taken at
10-20cm intervals from the frozen deposits for geo-
chemical and pollen analyses. The samples were air-
dried, sieved (<2mm) and stored in plastic bags. In
addition, several modern plant samples were collected
for biomarker analyses.

Sample preparation of alkanes from soil and plant
samples was carried out at the Institute of Soil Science
and Soil Geography, University of Bayreuth. We
adopted the method described by Bourbonniere et al.
(1997) and Zech & Glaser (2008): free lipids were ex-
tracted with methanol/toluene (7/3) using Soxhlet ap-
paratuses. Concentrated lipid extracts were purified
using columns filled with deactivated (5%) silica (2 g)
and deactivated (5%) aluminium oxide (2 g). Alkanes
were eluted with 45ml of hexane/toluene (85/15).
Quantification was performed on an HP 6890 GC
equipped with a flame ionization detector (FID).
Deuterated n-alkanes (d4>-n-C, and dso-n-C,4) were
added as internal and recovery standards, respectively.
The odd-over-even predominance (OEP) was calcu-
lated according to the equation

OEP =(Cps + Cy7 + Co9 + C3; + C33)/

(Ca6 + Cos + C30 + C32). M

A standard hydrofluoric acid (HF) technique was
used for pollen preparation (Berglund & Ralska-Jasie-
wiczowa 1986). For the determination of the pollen and
spore types the morphological keys of Faegri & Iversen
(1989) as well as pollen atlases (Reille 1992, 1998; Beug
2004) were used. Poorly preserved, undeterminable
pollen grains were counted as Indeterminata. At least
200 pollen grains were counted in every sample,
with spores tallied in addition. The mineralized conifer
pollen grains were counted as reworked (ancient)
Pinaceae.

Non-pollen-palynomorphs (NPPs) such as algae co-
lonies, fungi spores, stomata and other identifiable re-
mains were also counted and further used for the
palaeoenvironmental interpretation.

According to modern analogue methods, recently
applied to several pollen profiles from Arctic Russia in
order to reconstruct the Late Pleistocene and Holocene
climate quantitatively (Andreev & Klimanov 2000;
Andreev et al. 2003a, b, 2004), arboreal pollen indicates
warm interglacial or interstadial climate conditions.

Results

Alkane patterns and alkane ratios

Total alkane concentrations in the soil samples range
from 0.89 to 29.88 ng/g soil and from 0.10 to 2.74 mg/g
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TOC, respectively. In both the soil and the plant sam-
ples the long-chain alkanes ranging from C,s to Cs3
dominate and thereby reveal a strong OEP (Fig. 3).
Such alkane patterns are characteristic of epicuticular
plant leaf waxes (Kolattukudy 1976). The highest OEP
values are typically found in fresh plants and litter
(Fig. 3A, B, C, E, F). Lower OEP values and more
balanced alkane patterns in soils are often explained
by degradation effects (Fig. 3D, G, H) (Wiesenberg
et al. 2004). OEP values for the TPS range from 3.5 to
10.8 (Fig. 2C). Maxima (OEP >8) generally coincide
with the dark grey units B2, B3, C2 and D, indicating
that the organic matter in these palaeosols is less de-
graded than that in other horizons of the TPS (Units A,
Cl, C3 and E). This interpretation is corroborated by
the pedological results obtained by Zech et al. (2007,
2008).

As depicted in Fig. 3A-C, the modern tree samples
(e.g. needles and leaves of Larix sibirica, Betula sp. and
Salix sp.) from the study area are clearly dominated by
the alkane C,;. This is in agreement with findings by
other authors (Cranwell 1973; Nott et al. 2000;
Schwark et al. 2002), who furthermore found that in
grasses and herbs, in contrast, the alkanes C;; and Cs;
typically dominate (Fig. 3F, G). Thus, alkane ratios
such as Cj3;/C,; have been used in palaecoecological
studies to distinguish between tree/shrub-dominated
and grass/herb-dominated ecosystems. The averaged
alkane pattern of Unit D can be clearly distinguished
from that of Units B2 and B3, both of which have a
very similar degree of degradation (mean OEP = 8.4;
Fig. 3D, H). The dominance of C,; in Unit D indicates
a mainly forested palaeoenvironment, whereas the
dominance of C;; in Units B2 and B3 can be attributed
to grasses and herbs having contributed significantly to
the organic matter of these palacosols. The depth pro-
file for the ratio C3;/C,5 illustrates the respective vege-
tation changes semi-quantitatively for the whole TPS
(Fig. 2C). Accordingly, a first severe retreat of trees and
the expansion of grasses/herbs is documented in the al-
kane patterns of Units C2 and C1. Intensive reforesta-
tion occurred during the formation of the upper half of
Unit BI.

The alkane C,9 may provide additional information
about past vegetation changes because Carex sp. (Cy-
peraceae) is dominated by C,e (Fig. 3E) and there is
palynological evidence that Cyperaceae contributed
significantly to the non-arboreal vegetation during the
formation of the TPS. The depth profile for the C,9/C»
ratios corroborates the tree versus grass interpretation
derived from the Cs,/C,; ratios (R = 0.96; Fig. 4B), but
the C31/Cy9 ratios reveal distinct shifts, which can ten-
tatively be interpreted to reflect changing contributions
of Poaceae and herbs versus Cyperaceae. Accordingly,
Cyperaceaec dominated the non-arboreal vegetation
especially during the formation of Unit D. At present, a
more quantitative interpretation is challenging, because



BOREAS Quaternary vegetation changes in NE Siberia 5
Larix sibirica Carex spec
50 1 A 50
40 40
= % OEP=138 - 30 OEP = 14.3
& 20 & 20 '
10 10
0
C25 C26 C27 C28 C29 C30 C31 C32C33 C25C26 C27 C28 C29 C30C31C32C33
Betula spec. Grasses and herbs
501 g 50 1 F
40 40
~ 30 OEP =34.8 ~ 30 -
&\o‘ 2 2\: 2 OEP =8.3
10 10
o+ M — N _ u | — 0
C25C26 C27 C28 C29 C30C31 C32C33 C25 C26 C27 €28 C29 C30 C31 C32C33
Salix spec. Topsoil under grasses and herbs
50 G
40
—_ -~ 30 OEP =32
g & 20
10
0
C25 C26 C27 C28 C29 C30C31 C32C33 C25C26 C27 C28 C29 C30 C31 C32C33
Average over Unit D Average over Unit B2 and B3
. 50
Fig. 3. A, B, C, E = alkane patterns of plant H
Sl o 40
samples from Siberia. D = averaged alkane
pattern over stratigraphic Unit D. F, = Q 30 OEP =8.4
G = alkane pattern of litter and topsoil samples & < 20
of grasslands in Serbia, SE Europe. 10

H = averaged alkane pattern over stratigraphic
Unit B2 and B3.

alkane rations may also change owing to degradation
effects.

Alkane ratio end-member modelling

As mentioned above, the original alkane pattern of ve-
getation/litter is assumed to be affected by degradation
processes during soil genesis, resulting in lower OEP
values and more balanced alkane patterns (Fig. 3F, G).
In order to address this effect more quantitatively, we
recently proposed using the OEP in loess—palaeosol se-
quences as a proxy for the degree of degradation, and
described alkane ratio degradation lines (e.g. for Csy/
(C51+C59)) for natural forests and grasslands, respec-
tively. Given that the database (in preparation) for Si-
berian modern plants and soils is still very small but
generally in agreement with the published database, we
adopted the degradation lines of Zech et al. (in press) to
process the alkane results from the TPS. Using these
degradation lines in an end-member model allows one
to estimate the percentage contribution of alkanes de-
rived from trees and shrubs versus that derived from
grasses and herbs (Fig. 2D). For methodological details
the reader is referred to the literature.

Basically, the modelling results confirm the inter-
pretation inferred from the alkane ratios alone. Results

C25 C26 C27 C28 C29 C30 C31 C32C33

C25C26 C27 C28 C29 C30C31 C32C33

for C31/(C5,+C,7) are shown in Fig. 2D and corrobo-
rate the finding that the lower part of the TPS contains
mainly alkanes derived from trees and shrubs, whereas
the contribution of grasses and herbs is more than 50%
in the upper part of the TPS. Reforestation is docu-
mented in the upper part of Unit B1.

Palynological results

The studied pollen spectra can be subdivided into six-
teen pollen zones (PZ) (Fig. 4) as follows.

e Pollen of Cyperaceae and Poaceae predominate in
the lowermost PZ-1 (14.7-15.2 m depth). The pollen
concentration is high. Open sedge-grass commu-
nities probably covered the study area. The pollen
assemblages may point to interstadial climatic con-
ditions.

e PZ-II (13.9-14.7m depth) contains very few pollen
grains. The absence of palynomorphs could be the
result of intensive pollen degradation during the se-
dimentation, and this zone cannot be used for a pa-
laeoenvironmental interpretation.

e PZ-III (13.1-13.9 m depth) is dominated by Cyper-
aceae pollen with a few grains of Poaceae, Picea,
Pinus s/g Haploxylon and Sphagnum spores. There



6 Michael Zech et al. BOREAS
Trees & Shrubs Herlxs Spoes — :
£
P
§ ] = ; g
i 8 E H E B
ggg it Poorsl ey Py
§s gsf |1 g zgidliorEoiii iy, §f 0% 0%
$§: s geadsl i § FOFE:I OGP ;P EiiGR O£ 5 P
- | E Eel E | o
ELF | LITTE E & A N1
r r — c L L1 I i ——— L M
F e e o ] NSt S N E -
L LT LE e EfLEE R L | =t B
T T = [ ELF o= EE = =
5 | N
S R SR , S —i = |
. | | wu-
BEE ER e o pr T = e
LT = E PE LD EE=EEE
EElL B Rl ="
A =S S O —— ! SRR S SO N A= ———— el
| | ] t | W
CTEETEITES f: ——
. [ | I
Fig. 4. Pollen percentage diagram of the Tumara Palaeosol Sequence.
are also a few pollen of Larix. Pollen concentration pollen assemblages reflect interglacial environ-
is rather high. Larch—spruce forest probably domi- mental conditions with a slight deterioration in the
nated the area. Relatively high amounts of Pinus s/g upper subzone.
Haploxylon pollen may indicate that Siberian pine e The amount of tree pollen significantly decreases in
(Pinus sibirica) was the co-dominant tree taxon; PZ-VI (9.4-10.5m. depth), whereas pollen of Poa-
however, the pollen might have been partly or ceae, Caryophyllaceae and especially Chenopodia-
completely produced by Siberian dwarf pine (Pinus ceae increases. However, pollen of Larix is still
pumila). In this case, Siberian dwarf pine was (co-) present. This may point to a climatic deterioration
dominant. Wet habitats with Cyperaceae and at the end of the preceding interglacial or to a colder
Sphagnum were also common in the study area. The episode within the interglacial.
PZ-III pollen assemblages point to interglacial en- e Rather high amounts of pollen from Larix, Picea,
vironmental conditions. Pinus s/g Haploxylon and Betula sect Albae as well
e PZ-1V (12.5-13.1 m depth) contains very few pollen as coniferous stomata characterize PZ-VII
grains and cannot be used for a palaeoenviron- (8.9-9.4 m depth). Larch forest with spruce and tree
mental interpretation. birch and probably Siberian pine dominated the
e PZ-V (10.5-12.5m depth) is dominated mostly by area. Pollen assemblages reflect an interglacial en-
Cyperaceae pollen. Poaceae, Larix and Picea are vironment.
also abundant. Pollen concentration is rather high. e PZ-VIII (7.9-8.9 m depth) contains very few pollen
The lower subzone reveals the presence of Ericales grains and cannot be used for a palaeoenviron-
and higher amounts of Sphagnum spores, whereas mental interpretation.
the upper subzone contains higher amounts of Ci- e PZ-IX (7.1-7.9m depth) is dominated mostly by

choriaceae, Asteraceae and Chenopodiaceae. Larch
and spruce trees dominated the area. Wet habitats
with Cyperaceae and Sphagnum were also common.
According to the modern analogue methods, these

pollen of Larix, Cyperaceac and Poaceae, with a
few Picea and Polypodiaceae spores. The pollen
concentration is rather low. The spectra indicate
that larch forest with a few spruce dominated the
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area, indicating an interglacial environment ac-
cording to modern analogue methods.

e PZ-X (4.9-7.1m depth) contains very few palyno-
morphs (mostly Poaceae and Polypodiaceae) and
cannot be used for a palacoenvironmental inter-
pretation.

e Pollen of Cyperaceae, Caryophyllaceae, and Poa-
ceae with Polypodiaceae and Glomus spores dom-
inates in PZ-XI (4.3-4.9 m depth). Treeless steppe-
like glacial communities probably covered the study
area during the formation of this palacosol.

e PZ-XII (3.9-4.3 m depth) differs from PZ-XI by ra-
ther high amounts of Betula sect Albae and Salix.
This can be interpreted as climatic amelioration.

e Pollen of Chenopodiaceae and other herbs as well
as Glomus spores make a large contribution to the
PZ-XIII spectra (3.3-3.9 m depth). A few Picea, Pi-
nus and Salix pollen are also present. Although the
former ones in particular could represent long-dis-
tance transport, this could point to interstadial
conditions.

e Pinus together with a few Alnus pollen is also pre-
sent in PZ-XIV (2.5-3.3m depth). However, the
dominance of pollen from grasses and herbs in-
dicates glacial conditions.

e The amounts of both Betula and Salix pollen in-
crease significantly in the pollen assemblages of
PZ-XV (1.6-2.5m depth). Although the pollen
concentration remains low, this reflects a climatic
amelioration at the end of a glacial and thus can be
correlated with the Lateglacial period.

e PZ-XVI (0-1.6m depth) is characterized by the
permanent presence of Betula and the appearance of
Pinus sylvestris in the upper subzone. This latter
finding can be correlated with the occurrence of
pine in Central Yakutia about 6 kyr ago (e.g. An-
dreev et al. 1997, and references therein). Again, the
pollen concentration is relatively low. We assume
that this uppermost pollen zone developed during
the Holocene, when the study area was covered
mostly by larch forests as nowadays. However, Lar-
ix pollen is easily destroyed in well-aerated topsoils.

In the following we will use the palynological evi-
dence in order to evaluate the alkane biomarker meth-
od and to infer palacoclimatic implications from the
palaeobotanic results.

Discussion

Comparison of the alkane biomarker and pollen results
and palaeoclimatic implications

Both methods applied to the TPS for the reconstruction
of vegetation changes have their advantages and dis-
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advantages (Fegri & Iversen 1989; Farrimond & Fla-
nagan 1996; Ficken et al. 1998). The comparison
between the biomarker and the pollen results shows
that the two data sets are generally in good agreement
(Figs 2D, 4). First, this confirms the applicability of the
alkane ratio end-member model proposed by Zech ef al.
(in press) to northeast Siberian ecosystems. Second, gi-
ven the premise that trees and shrubs versus grasses and
herbs can be directly interpreted in terms of warm ver-
sus cold (modern analogue methods), the following pa-
lacoclimatic conditions can be reconstructed.

Unit E is characterized mainly by tree-derived al-
kanes in the lower part and by an increasing contribu-
tion of grass-derived alkanes in the upper part (Fig.
2D). The alkane ratio C5;/C,9 suggests that this is at-
tributable mainly to Poaceae and herbs and not to Cy-
peraceae. This interpretation is corroborated by the
presence of Larix, Picea and Pinus pollen and by a
maximum of Poaceae pollen. The inferred warm inter-
glacial conditions are in agreement with the palaeope-
dologic findings and suggest, in combination with the
numeric data, a correlation of Unit E with MIS 7.

Larix pollen, assemblaged with pollen from Picea
and Pinus, is also very abundant in Unit D (Fig. 4).
Although Cyperaceae and Poaceae pollen are abundant
too, the alkane modelling results suggest that most of
the alkanes in this unit originate from trees (Fig. 2D).
Possibly, the grass pollen does not reflect the dominant
standing vegetation but mainly short- and middle-
distance transported pollen. According to modern
analogue methods, Unit D developed during inter-
glacial conditions under larch forest. This is clearly at
odds with the palaeopedologic results and their glacial
versus interglacial interpretation by Zech et al. (2008).
The first significant spreading of herbs (Car-
yophyllaceae, Cichoriaceac and Chenopodiaceae) in
the upper part of Unit D (Fig. 4) is accompanied by
about a 20% contribution of non-arboreal alkanes
(Fig. 2D), indicating a slight climatic deterioration or
habitat disturbance.

Pollen grains are preserved only to some extent in the
middle part of the TPS (Unit C, Fig. 4). This corrobo-
rates the palacopedologic finding that Units C1 and C2
may be composed of reworked material and that the
palaeosols of Unit C3 are intensively degraded and mi-
neralized (Fig 2). The extraordinarily high AP/NAP
ratios of PZ-VII and IX in Units C3 and C2 are espe-
cially confirmed by the alkane results of Unit C3, the
latter being correlated with the Last Interglacial (sensu
stricto), whereas tree-derived alkanes decrease drama-
tically at the transitions to C2 and again to C1 (Fig 4C).
The reconstructed vegetation changes reflect severe cli-
matic deterioration during the Early Weichselian gla-
ciation.

Both biomarker and pollen results show that herbs
made a large contribution to the vegetation cover in the
upper part of the TPS (Unit A and B, Figs 2D, 4).
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Significant reforestation occurred only in the middle of
Unit B1. This is documented both by the abundance of
tree-derived alkanes and by the marked increase of Be-
tula, Albae and Salix pollen, and probably reflects the
Bolling/Allerdd and the Boreal warming (Andreev ef al.
1997, 2002b; Lozhkin et al. 2007). One may also spec-
ulate that the modest increase of the tree-derived al-
kanes in Unit B2 and the abrupt increase of grass-
derived alkanes at 1.9 m depth correspond to the MIS 3
Kargin Interstadial and the Younger Dryas event, re-
spectively. The suggested MIS 3 interstadial is con-
firmed by Betula and Salix pollen in Unit B2, whereas
the adjacent occurrence of Pinus pollen probably re-
flects long-distance transport because Pinus sylvestris is
assumed to have come to Central Yakutia not before
¢. 6kyr BP (Andreev et al. 1997, and references therein)
and is easily windblown.

Unit A contains pollen from trees, grasses and herbs.
In particular, pollen from Betula and Pinus sylvestris is
fairly abundant, the latter being characteristic for Ho-
locene pollen spectra in Central Yakutia. Although
Larix pollen should be fairly abundant in Unit A too, it
is missing here. This discrepancy is often observed in
recent pollen spectra under larch forests and is attrib-
uted to the poor preservation of larch pollen in soils
(e.g. Andreev et al. 2001). However, Unit A is also
characterized by an unexpectedly low contribution of
tree-derived alkanes. This may partly be a result of cli-
matic deterioration in Siberia since about 5kyr BP
(Andreev et al. 2001; Popp et al. 2006; Tarasov et al.
2009). We assume, however, that it is mainly a very lo-
cal phenomenon caused by the approaching cliff edge
(exposure to wind and soil drainage) influencing only
the standing vegetation at the sampling site.

Summarizing, the biomarker- and pollen-based ve-
getation history is only partly in agreement with the
chronostratigraphy proposed by Zech et al. (2008) for
the TPS. In particular, they seems to be at odds in Unit
D, where we find evidence for larch forests, but the pa-
lacopedologic features and the numeric data suggest
correlating this unit with the Saalian glaciation during
MIS 6.

Warm plant taxa during cold glacial periods?

Establishing chronostratigraphies for sediment records
is certainly one of the most important but often also
one of the most challenging aims in Quaternary re-
search. Apart from numeric dating methods (mainly
luminescence and radiocarbon dating) and marker
horizons (tephra layers and palacomagnetic events),
many studies focussing on terrestrial archives use cli-
matically controlled proxies such as magnetic suscept-
ibility and geophysical and geochemical parameters to
derive climate stratigraphies that are then tuned to or-
bital parameters or existing climate stratigraphies (e.g.
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Chlachula ez al. 1997; Karabanov et al. 1998; Heslop
et al. 2000; Bronger 2003; Evans et al. 2003; Buggle
et al. 2009).

Major problems may arise when numeric dating re-
sults are inconsistent or sediment ages approach the
methodologically possible dating limits. This holds true
for many of the numeric dating results obtained for the
TPS (Fig. 2A) and hampers the establishment of a pre-
cise chronostratigraphy based on numeric dating re-
sults alone. We have therefore recently proposed a
climate stratigraphy for the TPS based on a multi-
proxy pedological approach and correlated it with the
glacial history of northeast Siberia (Svendsen et al.
2004) and the regional geomorphological and Qua-
ternary stratigraphic scheme (Grinenko & Kamaletdi-
nov 1993).

Furthermore, it may happen that different proxies
suggest different climate stratigraphies and hence also
different chronostratigraphies. In the case of the TPS,
the pedologic parameters and the results from numeric
dating suggest correlating Unit D with the Saalian gla-
ciation during MIS 6, whereas the vegetation re-
construction indicates warm plant taxa (trees).
Interestingly, the TPS is not the only record in the study
area for which the vegetation history contradicts the
reconstructed climate history based on other methods.
In 2007, a special publication was dedicated to the EI’-
gygytgyn Crater Lake (Brigham-Grette ef al. 2007).
Although these lake sediments certainly represent the
best possible palacoenvironmental archive for north-
east Siberia, Lozhkin et al. (2007) present a different
chronology based on palynological results from those
of Nowaczyk et al. (2007) and Melles et al. (2007) based
on numeric dating, geochemical and magnetic suscept-
ibility results. Lozhkin et al. (2007) emphasize that
otherwise warm plant taxa would have persisted under
cool climates and vice versa.

First, however, there is increasing evidence support-
ing exactly this apparent contradiction. Miiller et al.
(2009), for instance, report the constant presence of
Larix pollen in lake sediments of the Verkhoyansk
Mountains during the last glaciations, and Werner
et al. (2009) found evidence for larch presence during
the Younger Dryas. A recently published macrofossil
database for woody taxa confirms these findings (Bin-
ney et al. 2009). Hence, forests have continued to pre-
vail at least regionally in refugium areas (e.g. Anderson
& Lozhkin 2001; Brubaker et al. 2005; Sher et al. 2005)
even in this extremely continental part of the Northern
Hemisphere, with winter temperatures dropping down
to —=70°C in winter. The same holds true for other peri-
glacial areas such as the Carpathian Basin in southeast
Europe (Willis & Andel 2004; Zech et al. in press).

Secondly, a more differentiated view of climate
parameters than just warm versus cold may contribute
to a distrust of the paradigm of larch forests prevailing
only during interglacials. We suggest that besides
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changes in temperature more focus should be put on
changes in precipitation and seasonality when inter-
preting the vegetation history of northeast Siberia. A
tremendous increase in aridity during the last two gla-
cial cycles is well documented by the extraordinarily
extensive Late Saalian glaciation and then progres-
sively smaller northern and northeastern Siberian
Weichselian ice sheets and glaciers (Svendsen et al.
2004; Stauch & Gualtieri 2008; W. Zech, R. Zech, M.
Zech, K. Leiber, M. Dippold, M. Frechen, R. Bussert &
A. Andreev, submitted). Consequently, provided that
the chronostratigraphy for the TPS is correct and Unit
D corresponds to MIS 6 and the Late Saalian glacia-
tion, we suggest not only that precipitation was rela-
tively high: also, the summer temperatures in the study
area were not extremely low and allowed the persistence
of larch forests. There is abundant evidence that the
subsequent interglacial (MIS 5) was also anomalously
warm, with summer temperatures possibly more than
10° higher than they are today (Cape - Last Interglacial
Project Members 2006; Kienast et a/. 2008). It was not
utill then that forests were largely replaced by mam-
moth steppes. Kienast er al. (2005) suggested that this
might not necessarily be the result of lower summer
temperatures, but of progressively increasing aridity.
They reconstructed relatively warm summers during
the last cold stage and explained this with extreme con-
tinental climate conditions and strong temperature
seasonality. Trees grew only on favourable sites, where
for instance snow cover was sufficient despite the ex-
treme aridity to protect the plants during
the cold winter season. With climate amelioration
during the Lateglacial, the marine transgression and
the rising oceanic influence (reduced continentality),
the glacial mammoth steppes were replaced by taiga
forests in the south, and by wetland tundras in the
north. In the wetland tundras today, the growth of
trees might be inhibited primarily by paludification and
the limited availability of well-drained sites rather than
by temperature (Crawford et al. 2003; Lloyd et al.
2003).

Conclusions

Alkane biomarker and pollen results for the TPS were
presented in order (i) to evaluate the potential of long-
chain alkanes to serve as biomarkers in permafrost
palacosol sequences, (ii) to contribute to the recons-
truction of the vegetation history in the study area, and
(iii) to compare the results with the climatic chronos-
tratigraphy, which is based on a multi-proxy palaeope-
dological approach (Zech et al. 2008).

e The alkane patterns vary significantly with depth,
suggesting that major vegetation changes are re-
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corded in the palacosol sequence. Whereas high
C31/Cy; ratios are characteristic for grasses and
herbs, the dominance of C,; is characteristic for
trees and shrubs.

e As the alkane ratios in the palacosols do not depend
only on the former standing vegetation but also on
the degree of organic matter degradation, a recently
proposed end-member model (Zech et al. in press)
was applied to the alkane results from the TPS. This
enables also a more quantitative palacovegetation
reconstruction.

e The good agreement between results from alkane
biomarker and pollen analyses is promising, parti-
cularly with regard to the fact that alkanes can also
be obtained from palaeosols, in which pollen is too
degraded to infer palacoclimatic information.

e According to modern analogue methods: (i) the tree
dominance and especially the occurrence of Larix
pollen in the lower part of the TPS would tradi-
tionally have to be interpreted in terms of warm in-
terglacial conditions, (ii) the grass and herb
dominance in the upper part of the TPS reflects cold
glacial conditions corresponding to the Weichselian
glaciation during MIS 2 and 4, and (iii) the refor-
estation occurring at about 2.5m depth indicates
the Lateglacial climatic amelioration and early Ho-
locene climate optimum.

e However, the traditional interpretation of larch
forests, reconstructed also for Unit D, conflicts
with the chronostratigraphy derived from a multi-
proxy palaeopedologic approach and numeric
dating (Zech et al. 2008). Provided that the
correlation of Unit D with MIS 6 is correct, we
suggest that temperature was not a limiting factor
for tree growth during the Saalian glaciation,
and that strong continentality and increasingly
more arid conditions since the onset of the last gla-
cial cycle limited tree growth and favoured the es-
tablishment of the mammoth steppes in northeast
Siberia.
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