
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights

http://www.elsevier.com/authorsrights


Author's personal copy

Late Pleniglacial vegetation in eastern-central Europe: are there
modern analogues in Siberia?

Enik }o Katalin Magyari a,*, Petr Kune�s b, Gusztáv Jakab c, Pál Sümegi d, Barbora Pelánková e,
Frank Schäbitz f, Mihály Braun g, Milan Chytrý e

aMTA-MTM-ELTE Research Group for Paleontology, Pázmány Péter stny. 1/C, H-1117 Budapest, Hungary
bDepartment of Botany, Faculty of Science, Charles University in Prague, Benátská 2, CZ-128 01 Praha 2, Czech Republic
c Institute of Environmental Sciences, Szent István University, H-5540 Szarvas, Szabadság út 1-3, Hungary
dDepartment of Geology and Paleontology, University of Szeged, H-6722 Szeged, Egyetem sugárút 2, Hungary
eDepartment of Botany and Zoology, Masaryk University, Kotlá�rská 2, CZ-61137 Brno, Czech Republic
f Seminar of Geography and Education, University of Cologne, Gronewaldstr. 2, D-50931 Cologne, Germany
gHertelendi Laboratory of Environmental Studies, Institute of Nuclear Research of the Hungarian Academy of Sciences, H-4001 Debrecen, P. O. Box 51,
Hungary

a r t i c l e i n f o

Article history:
Received 26 November 2013
Received in revised form
14 April 2014
Accepted 17 April 2014
Available online 23 May 2014

Keywords:
Last Glacial Maximum
Late Pleniglacial vegetation
Modern analogue
Carpathians
Carpathian Basin

a b s t r a c t

To characterize Late Pleniglacial (LPG: 26.5e15 ka cal BP) and particularly Last Glacial Maximum (LGM:
21 � 2 ka cal BP) vegetation and climate, fossil pollen assemblages are often compared with modern
pollen assemblages. Given the non-analogue climate of the LPG, a key question is how glacial pollen
assemblages and thereby vegetation compare with modern vegetation. In this paper we present three
LPG pollen records from the Carpathian Basin and the adjoining Carpathian Mountains to address this
question and provide a concise compositional characterization of the LPG vegetation. Fossil pollen as-
semblages were compared with surface pollen spectra from the Altai-Sayan Mountains in southern
Siberia. This area shows many similarities with the LPG vegetation of eastern-central Europe, and has
long been considered as its best modern analogue. Ordination and analogue matching were used to
characterize vegetation composition and find the best analogues. Our results show that few LPG pollen
assemblages have statistically significant analogues in southern Siberia. When analogue pairings occur
they suggest the predominance of wet and mesic grasslands and dry steppe in the studied region.
Wooded vegetation types (continental and suboceanic hemiboreal forest, continental taiga) appear as
significant analogues only in a few cases during the LGM and more frequently after 16 ka cal BP. These
results suggest that the LPG landscape of the Carpathian Basin was dominated by dry steppe that
occurred outside the river floodplains, while wet and mesic grasslands occurred in the floodplains and on
other sites influenced by ground water. Woody vegetation mainly occurred in river valleys, on wet north-
facing hillsides, and scattered trees were likely also present on the loess plateaus. The dominant woody
species were Larix, Pinus sylvestris, Pinus mugo, Pinus cembra, Picea abies, Betula pendula/pubescens, Betula
nana, Juniperus, Hippophaë rhamnoides, Populus, Salix and Alnus. The pollen records suggest uninter-
rupted presence of mesophilous temperate trees (Quercus, Ulmus, Corylus, Fagus and Fraxinus excelsior) in
the Eastern Carpathian Mountains throughout the LPG. We demonstrate that the LPG vegetation in this
area was characterized by increasing grass cover and high frequency of wildfires. We conclude that
pollen spectra over represent trees in the forest-steppe landscape of the LPG, furthermore pollen-based
quantitative climate reconstructions for the LPG are challenging in this area due to the scarcity of modern
analogues.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In the last two decades several original and review papers have
fuelled the debate on the nature of the Late Pleniglacial (LPG: 26.5e
15 ka cal BP in this study, based on Tzedakis et al., 2013) and Last
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Glacial Maximum (LGM: 21 � 2 ka cal BP) vegetation in the Car-
pathian Basin (CB) and the adjoining Carpathian Mountains (CM)
(Willis et al., 2000; Rudner and Sümegi, 2001;Willis and van Andel,
2004; Jankovská and Pokorný, 2008; Zech et al., 2009, 2013;
Sümegi et al., 2012a,b). Pioneering palynological and palae-
ozoological studies, and also some recent palaeovegetation
modelling studies considered this area to be predominantly tree-
less: a land of continental cold steppes and tundra-steppes
(Zólyomi, 1952; Járai-Komlódi, 1991; Jánossy, 1986; Harrison and
Prentice, 2003). Only in the foreland zone of the Northern,
Eastern and Southern Carpathians did palaeontologists/palae-
oecologists infer the presence of boreal and cool-temperate trees
(Stieber, 1967; Jánossy, 1986). These areas have been repeatedly
recognized as important glacial refugia, fromwhich trees started to
migrate at the beginning of the Holocene (Huntley and Birks, 1983;
Bennett et al., 1991; Huntley, 1993; Willis, 1994). The idea of a
lowland treeless landscape was later challenged mainly by loess-
charcoal, pollen, plant macrofossil and mollusc studies that pro-
vided rich evidence for the occurrence of boreal and cool-
temperate trees and forest-steppe associated land snails in the CB
during Marine Isotope Stages (MIS) 2 and 3, i.e. Late and Middle
Weichselian including the LGM, the latter being the time of
maximum glacier and ice sheet extent in the Alps and coldest loess-
mollusc derived summer temperatures in the CB (Willis et al.,
2000; Rudner and Sümegi, 2001; Sümegi and Krolopp, 2002;
Sümegi, 2005; Peltier and Fairbanks, 2006). At the same time, an
increasing number of population genetic studies provided evidence
for the LGM existence of extra-Mediterranean refugia of temperate
species in the Carpathians and adjoining forelands (Schmitt, 2007,
2009; Kotlík et al., 2006). Several studies argued that meso-
philous temperate species likely survived in small and sporadic,
meso- or microclimatically favourable azonal habitats within the
extended periglacial belt, and given the restricted size and scarcity
of the refugia, they have remained undetected in the reconstruction
of the glacial faunas and floras based on fossil records (Birks and
Willis, 2008; Schmitt and Varga, 2012).

High intraspecific genetic diversity and large genetic distances
among the genotypes suggested that some plants and animals
might have survived consecutive glaciations in the Carpathians,
adjoining forelands and lowlands without extensive mixing among
individual populations during the warm or cold periods (e.g. Palmé
et al., 2003; Heuertz et al., 2004; Sommer and Nadachowski, 2006;
Höhn et al., 2009; Schmitt and Varga, 2012; Temunovic et al., 2012).

Modelling of LGM tree distribution furthermore suggested that
several temperate tree species potentially could have survived the
LGM in the CB. Species with projected LGM distribution in the basin
were Alnus glutinosa, Quercus robur, Salix alba, Tilia cordata, Ulmus
glabra and Ulmus laevis (Svenning et al., 2008). Notable is that all of
these species occur in alluvial forests in the Hungarian lowlands
today (Borhidi et al., 2012).

Information accumulated by now suggests that duringMIS 2 the
CB hosted tree populations of Pinus sylvestris, Pinus cembra, Pinus
mugo, Picea abies, Larix decidua, Fraxinus excelsior, Betula pendula,
Betula pubescens, Betula nana, Salixsp. and Juniperus sp. in the river
valleys and mid-mountains (Willis et al., 2000; Willis and van
Andel, 2004; Bhagwat and Willis, 2008), while in the Romanian
Carpathians and adjoining lowlands the LGM presence of Pinus,
Juniperus, Betula, Salix, Picea and probably also Larix, Populus
tremula, Ulmus, Prunuspadus, Quercus and Tilia was inferred from
early pollen increases of these trees during the Lateglacial
(Feurdean et al., 2007, 2012).

What is missing, however, is a concise characterization of
composition and structure of the LPG vegetation that goes beyond
the reports of individual woody species and the assumption of
generic steppe formations predominating in the landscape. The

number of dated pollen and plant macrofossil records covering the
LGM is very low in the CB and CM (Buczkó et al., 2009). Since most
charcoal evidence from the CB predates or postdates the time of
maximum ice-sheet extent and lowest CO2 concentrations between
ca 26.5and 19 ka cal BP (Willis et al., 2000; Rudner and Sümegi,
2001; Clark et al., 2009; Tzedakis et al., 2013), we also need a
clear demonstration of which woody species were present
continuously during the coldest/driest part of the LPG.

In this paper we discuss three LPG pollen records, two from the
Carpathian Basin and one from the Eastern Carpathians (Fig. 1). To
obtain insights into the character of LPG plant communities and
vegetation patterns in the landscape, we compare these pollen
recordswith surface pollen assemblages recently obtained from the
Altai and Sayan Mountains of southern Siberia, which are consid-
ered to be the closest modern analogues of the east-central Euro-
pean glacial landscapes (Chytrý et al., 2008; Jankovská and
Pokorný, 2008; Kune�s et al., 2008; Pelánková and Chytrý, 2009;
Schmitt and Varga, 2012). We ask whether the LPG vegetation
and landscape of the CB can be considered as analogous to modern
vegetation and landscape in southern Siberia and whether this
comparison can improve our understanding of past ecological
processes in the CB.

Finding ‘good’ analogues is certainly complicated bymuch lower
CO2 levels during the LPG (190 ppm compared to 280 ppm in the
pre-industrial time; Monin et al., 2001). As it has been demon-
strated by several studies, low CO2 leads to lower photosynthetic
rates and reduced water-use efficiency of plants with stronger
negative effect on trees than on herbaceous plants (Harrison and
Bartlein, 2012). Hence arboreal species were likely less competi-
tive during the LPG (Harrison and Prentice, 2003), while herba-
ceous species may have been evenmore productive than at present
(Allen et al., 2010).When dealing with the LPG vegetation these CO2
generated differences in interspecific competition have to be taken
into account; they certainly decrease the possibility of finding
‘good’ analogues.

2. Study sites

2.1. Fossil pollen sequences

2.1.1. Nagymohos peat bog, Putnok hills, NE Hungary
Nagymohos (NM, 48� 200 2000 N, 20� 250 3500 E, 297 m a.s.l.) is a

1.4 ha valley mire near the village of Kelemér in the North Hun-
garian Hills (Fig. 1). Two sediment cores were taken from this poor
fen in 1995 and 1998 and studied by multi-proxy methods (Jakab
et al., 1998; Magyari et al., 1999, 2000, 2001). The Lateglacial and
LPG parts discussed in this paper comprise the 300e425 cm section
of the sediment. Borehole NM-I, situated in the deepest part of the
mire, was used for pollen analysis and radiocarbon dating. Borehole
NM-II was situated closer to themarginal fen zone andwas used for
the bryophyte and anthracological analyses.

Gently rolling hills around the mire consist of sedimentary
rocks, mainly Tertiary sandstone, and rarely exceed 400 m in
elevation. The mire basin is underlain by Tertiary clay poor in
mineral nutrients. The accumulation of groundwater in the upper
horizon of the impermeable clay played an important role in the
formation of the basin, which was probably caused by a landslide
around 26.7 ka cal BP.

Botanical investigations revealed an impoverished flora and an
underdeveloped hollow-hummock structure in Nagymohos
compared to the NW European Sphagnum-bogs (Matus et al.,
2000). The largest peat-forming association today is a birch carr
(BetuloeSphagnetum) that replaced the once dominant reed bed
(CalamagrostioePhragmitetum sphagnetosum) between 1990 and
2000 AD (Matus et al., 2000). The Sphagnum carpet is afloat;
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ca 100-cm thick water column separates it from the underlying
peat. The surrounding hilly country is covered by oak-hornbeam
forests (Querco petraeaeeCarpinetum) in the north-west, while
the south-eastern slopes are covered with oak forests (Quercetum
petraeaeecerris) (Hudák, 2008). The climate of the North Hun-
garian Hills is temperate continental. Annual precipitation (PANN)
at the poor-fen site is 581 mm, mean annual temperature (MAT)
9 �C, mean temperature of the warmest month (MTWA) 19.4 �C,
and mean temperature of the coldest month (MTCO) �3.5 �C
(Barati et al. 1999).

2.1.2. Fehér Lake, Kardoskút, SE Hungary
Fehér Lake (FT, 46�1903500N; 20�505400E, 83 m a.s.l.) is a 200 ha

salt lake and inland salt marsh in the SE part of the Great Hungarian
Plain (Fig. 1). Sediment cores were taken in 1995 using Russian and
Livingstone piston corers. For the purpose of this study the pollen
record of core FT-1 (6.3 m deep) was used. Results of the grain-size,
malacological, pollen and geochemical analyses were published by
Sümegi et al. (1999, 2013). According to these studies, the lake was
formed ca 28 ka cal BP by channel movement of the ancient Maros
river. Surface sediments around the lake consist of infusion loess to
a depth of 1e2 m. This is underlain by fluvial sand. Because of its
high carbonate and clay content, the surface is prone to salinization.
The lake water is alkaline, and due to the strongly fluctuating water
table it dries out in severely dry years.

The climate of the SE Hungarian Plain is temperate continental
with Sub-Mediterranean influence (Kakas, 1960; Zólyomi et al.,
1992). PANN is around 520e570 mm, MAT 10.9 �C, MTWA
22.2 �C, MTCO �1.8 �C (Szász and T}okei, 1997). The number of
sunny hours is particularly high, 2000 per year.

The natural vegetation around the lake is warm continental
forest-steppe with loess steppe (2/3) and mixed oak forest of saline
character (1/3) (Molnár and Bíró, 1995; Jakab, 2012).

The present vegetation of Fehér Lake consists of saline vegeta-
tion dominated by Zannichellia palustris subsp. pedicellata, Salsola

soda, Suaeda pannonica, Bolboschoenus maritimuss. l., Crypsis acu-
leata, Camphorosma annua and Puccinellia limosa.

2.1.3. Lake St Anne, East Carpathians, central Romania
Lake Saint Anne (SZA, Lacul Sfânta Ana, Szent-Anna tó,

46�703500N, 25�5301700E, 950 m a.s.l.) is a crater lake in the Ciomatu
Massif of the Harghita Mountains (Fig. 1). This study discusses the
LPG and Lateglacial pollen record of an11.5-m deep core obtained in
2010 (SZA-2010), which extends back to ca 27 ka cal BP.

The lake is fed by rainwater and surface runoff from the sur-
rounding slopes and has no outlet. Its surface area is 19.3 ha, while
the watershed comprises 215 ha (Pál, 2000). The bedrock is sand-
stone and conglomerate that was covered by several lava domes
and pyroclastic deposits of amphibole-biotite-dacite magma during
the Late Quaternary (Karátson et al., 2013). The climate is temperate
continental. PANN is w800 mm, MAT 4 �C, MTWA 15 �C and MTCO
is �5 �C (Kristó, 1995). The crater is characterized by thermal
inversion that results in the reverse order of the vegetation belts;
deciduous forests of Fagus sylvatica are located above P. abies for-
ests. Today the lakeshore is partly open at its NE corner and partly
covered by mixed stands of B. pendula, P. abies, Salix sp., and F.
sylvatica.

2.2. Training set samples

Surface pollen samples and vegetation data originate from
southern Siberia, the Altai and Western Sayan Mountains (Fig. 1). A
strong northesouth climatic gradient runs across these moun-
tainous areas from moderately warm and precipitation-rich areas
to cold and dry areas in the intermountain basins. Along this
gradient, vegetation changes from a closed taiga forest (with Abies
sibirica, Picea obovata, P. sylvestris, Pinus sibirica, P. tremula) through
forest-steppe (with woodland patches of B. pendula, Larix sibirica
and P. obovata) to dry continental steppe at lower altitudes, or to
shrubby tundra (with Betula rotundifolia, a species from the B. nana

Fig. 1. Location of the studied Late Pleniglacial sequences, modern pollen samples and other sites discussed in the paper: (a) location in Eurasia; (b) Late Pleniglacial pollen se-
quences in eastern-central Europe e 1: Nagymohos, 2: Fehér Lake, 3: Lake St Anne (Sfânta Ana), 4: Jabl�unka, 5: �Safárka; (c) surface pollen samples in the Altai and Sayan Mountains
in southern Siberia e black: significant analogues, white: non-analogues.
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group), herbaceous tundra or tundra-steppe at higher altitudes
(Chytrý et al., 2008). Pollen samples were collected and analysed
previously as part of a broader study focussing on pollenevegeta-
tion relationships (Kune�s et al., 2008; Pelánková et al., 2008;
Pelánková and Chytrý, 2009). They were taken from moss pol-
sters, humus or topsoil in all major types of natural vegetation
occurring in these areas, mainly in various types of forests, steppe
and tundra. Fig. 1 shows the distribution of the surface pollen
samples in southern Siberia, while Supplementary Table 1 provides
brief descriptions of each vegetation type.

3. Materials and methods

3.1. Sediment coring

Overlapping core segments were obtained at each core location
(Fig. 1) and stored at 4 �C until further treatment. The cores were
subsampled for pollen analysis at 4e8 cm intervals.

3.2. Radiocarbon dating

Radiocarbon dating was performed on different sediment
components in the LPG sections of these cores (Table 1). Where
available (NM and FT), wood fragments and bryophyte leaves were
preferably dated (see Magyari et al., 1999, 2001; Sümegi et al.,
2013). In case of Lake St Anne (SZA) no terrestrial macroremains
were found in the LPG sections of the core, therefore radiocarbon
dates were derived frommixed sources: chironomid head capsules,
cladocera remains and small wood charcoal particles. In the Late-
glacial part of the cores terrestrial macrofossils were dated
(Table 1). In addition several mollusc shells were dated from Fehér
Lake (Table 1).

3.3. Laboratory preparations of fossil samples

Samples of 2 cm3 (FT, SZA) and 1 cm3 (NM) of wet sediment
were prepared for pollen analysis using standard methods

including treatment with HCl, NaOH, HF, acetolysis and micro-
sieving at 10 mm mesh size (Bennett and Willis, 2001). Lycopo-
dium spore tablets of known volume were added to each sample to
work out pollen concentrations (Stockmarr, 1971). Pollen and
spores were identified and counted under light microscope at 400
and 1000� magnification. A minimum of 500 terrestrial pollen
grains were counted. In several pollen slides of FT and NM low
pollen concentration and poor pollen preservation were encoun-
tered, therefore a minimum count of 300 was used in these sam-
ples. For the identification of pollen and spores the reference
database at the Department of Geography, University of Cambridge
and at the Hungarian Natural History Museum were used together
with pollen atlases and keys (Moore et al., 1992; Reille, 1992, 1995,
1998). The point-count method of Clark (1982) was applied to
determine microcharcoal concentrations in FT and NM, while
microcharcoal particles >10 mm were counted and expressed as
particle accumulation rates in SZA. Statistical analysis and plotting
of the pollen data was done using Psimpoll 4.27 (Bennett, 2007).

3.4. Vegetation survey and surface pollen sampling in the Altai-
Sayan Mts

Collection units were 100 m2 plots, in which abundances of all
vascular plants were recorded; these served then for classification
and description of vegetation types (Chytrý et al., 2008, 2012).
Within each 100-m2 plot surface pollen samples from moss pol-
sters or litter were collected by taking five subsamples, four near
corners and one in the centre, and mixed into one sample (Kune�s
et al., 2008; Pelánková and Chytrý, 2009). Samples were then
prepared using standard methods (Faegri and Iversen, 1989). A
minimum of 500 pollen grains per sample were counted except a
few poor samples. Pollenwas identified with the help of a reference
pollen collection and the literature (Reille, 1992, 1995, 1998; Beug,
2004). Details of the pollen analyses are described in previous pa-
pers (Kune�s et al., 2008; Pelánková et al., 2008; Pelánková and
Chytrý, 2009). Data can be accessed in the European Modern Pol-
len Database (Davis et al., 2013).

Table 1
14C dates from Nagymohos and Fehér Lake, Hungary and Lake St Anne, Romania.

Depth (cm) Material dated 14C BP � Calibrated range BP (2s) Median cal BP age
used for modelling

�

Nagymohos (NM-I)
315e320 Bulk peat 19,335 295 22,354e23,798 Outlier
365e370 Bulk peat 14,246 144 16,936e17,786 17,361 425
394e399 Bulk peat 18,159 247 21,113e22,356 21,734.5 621.5
422e426 Bulk peat 21,756 267 25,161e26,862 26,011.5 850.5
Fehér Lake (FT-1)
210e220 Biogenic carbonate (Chara fragments) 10,498 90 12,105e12,605 12,355 250
292e293 Chondrula tridens shells 13,005 49 15,139e16,305 15,722 583
400e420 Pisidium shells 17,715 250 20,331e21,737 21,034 703
489e490 Chondrula tridens shells 19,911 81 23,418e24,150 24,150 732
490e510 Pisidium shells 20,323 300 23,525e24,992 24,258 733
620e630 Charcoal (Salix sp.) 23,303 280 27,521e28,723 28,122 601
Lake St Anne (SZA-2010)
980e982 Sphagnum leaves and stems, Picea abies needles, bract scales 6246 26 7155e7258 7206.5 51.5
1000e1002 Mossleaves and stems, bract scales, periderm 8216 28 9082e9286 9184 102
1036e1038 Charcoal, moss stems, periderm, bract scale 10,739 42 12,562e12,742 12,652 90
1126e1127 Cyperaceae

stem/leaf fragments
14,541 67 17,371e17,976 17,673.5 302.5

1340e1342 Charcoal
Cyperaceae
stem fragments, chironomid head capsules, Cladocera egg

17,338 84 20,290e21,138 20,714 424

1365e1366 Cyperaceae stem fragments, chironomid head capsules, Cladocera egg 17,626 96 20,523e21,387 20,955 432
1538e1540 Moss leaves, stems, chironomid head capsules, Cladocera egg 19,717 122 23,133e23,953 23,543 410
1661e1662 Cladocera egg 21,685 163 25,400e26,713 26,056.5 656
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3.5. Multivariate data analysis

Two approaches were selected to interpret fossil pollen records
from the CB and CM using modern pollen assemblages from
southern Siberia: principal components analysis (PCA) and
analogue matching (AM). First, we harmonized the nomenclature
of the pollen types in the fossil records with pollen types of the
species occurring in modern vegetation in Siberia. We matched
pairs of closely related taxa, which underwent vicariant speciation
in Europe and Siberia, including Abies albaeA. sibirica, Alnus viridise
A. fruticosa, B. nanaeB. rotundifolia, L. deciduaeL. sibirica, P. abiese
P. obovata. We alsomerged P. cembra and P. sylvestris types, different
pollen types within families Ericaceae, Caryophyllaceae, Composi-
tae subf. Asteroideae, Gentianaceae, Labiatae, Ranunculaceae (excl.
Ranunculus acris-type), Rosaceae, Saxifragaceae and Umbelliferae.

Pollen counts from all fossil and modern samples were sub-
jected to PCA ordination using the vegan package (Oksanen et al.,
2012) of the R program (R Core Team, 2012) to compare modern
and fossil pollen spectra. Square-root transformation of pollen
proportions was applied prior to the analysis. Attribution of spectra
to fossil or modern group was used as a covariable in the analysis to
remove possible difference between these two groups caused by
the taxa occurring in one area only. PCA was performed using
covariance matrix.

To find the closest modern analogue to each fossil pollen sample
analogue matching (AM; Simpson, 2012) was used in the analogue
package (Simpson, 2007) in R. First, we analysed the modern
training dataset for receiver operating characteristics (ROC) using
defined vegetation groups for each pollen sample. This enabled us
to obtain the optimal value of dissimilarity between samples, which
provides the best discrimination between analogues and non-
analogues (Simpson, 2012). Chord distance was used as the
dissimilarity measure, resulting in 0.443 as the critical dissimilarity
value (dcrit), above which modern-fossil sample-pairs were
considered non-analogues. If there were more attributed modern
vegetation analogues to a fossil sample, we took into account the
first five analogues with the lowest dissimilarity values.

4. Results

4.1. Modern pollen spectra

Relative abundances of selected pollen types in the Altai-Sayan
surface samples are shown in Fig. 2. Since the modern pollen as-
semblages have been fully described earlier (Kune�s et al., 2008;
Pelánková et al., 2008; Pelánková and Chytrý, 2009), here we
only mention the most important similarities and differences be-
tween the Altai-Sayan modern and the CB-CM fossil pollen
assemblages.

When P. sibirica and P. sylvestris are grouped, the percentage
representation of Pinus pollen becomes a poor indicator of modern
vegetation types; it is most abundant in both taiga and hemiboreal
forests, but high values are encountered also in several meadow-
steppe and tundra samples, while some hemiboreal forest sam-
ples have low (<20%) values. These samples are from the areas
where Pinus is absent and Larix becomes nearly universal dominant
tree.

Artemisia, Chenopodiaceae and Poaceae pollen differentiate
nicely the open vegetation types (especially dry steppe, steppic
scrub, alpine grassland) from the woodlands. Notable is also a high
proportion of Betula pollen types in themodern dataset (Betula alba
and B. nana types); although B. alba type is present in most LPG
pollen samples (especially NM and FT), it never attains >11%, while
several taiga, hemiboreal forest, tundra, alpine grassland and

meadow steppe surface pollen samples have high relative abun-
dances of B. alba and B. nana types (occasionally up to 50e60%).

Themost conspicuous difference between themodern and fossil
pollen samples is in the representation of Juniperus. This pollen
type is infrequent in the modern samples, being no characteristic
element of any vegetation type, which reflects the fact that junipers
(Juniperus sibirica and Juniperus pseudosabina) are relatively rare in
the Altai-Sayan region. In contrast, it is abundant in the LPG pollen
assemblages of NM and SZA (values up to 20%). Finally, there are no
pollen assemblages in the Altai-Sayan surface samples in which
mesophilous temperate broad-leaved deciduous tree pollen types
(e.g. Quercus, Carpinus betulus, Corylus) are present, and these
species do not occur in this region, while these pollen types appear
in several samples of the CB-CM Late Pleniglacial pollen assem-
blages (especially FT and SZA).

4.2. Late Pleniglacial pollen profiles

Detailed description of the radiocarbon dating, ageedepth
models, sediment and pollen stratigraphies for Nagymohos were
provided by Magyari et al. (1999, 2000, 2001), the results of the
Fehér Lake multi-proxy palaeoenvironmental studies were
described by Sümegi et al. (1999, 2013) and those of Lake St Anne by
Magyari et al. (submitted). In this paper we present a summary of
the main features of all three LPG pollen records and the inferred
terrestrial vegetation. In addition, we show radiocarbon dates and
ageedepth models in Table 1 and Supplementary Fig. 1.

4.2.1. Nagymohos
The 1.1 m long pollen sequence of Nagymohos covers a period of

ca 12,250 years between 26.95 and 14.7 ka cal BP (Fig. 3, Magyari
et al. 1999, 2000), suggesting very slow peat accumulation during
the LPG. An additional core (NM-II) provides the plant macrofossil
record between ca 26.95e18.6 ka cal BP (Fig. 4). The main feature of
the pollen record is the repeated fluctuation of the arboreal pollen
(AP) frequencies between local pollen assemblage zones (LPAZ),
with two high AP zones (NMP-1: 26.95e24 ka cal BP and NMP-3:
21.35e18.8 ka cal BP) and two low AP zones (NMP-2: 24e
21.35 ka cal BP and NMP-4: 18.8e14.7 ka cal BP). Fig. 3 demon-
strates that the low AP zones match closely with the LGM and
Greenland Stadial 2 (GS-2), while the others correspond with in-
terstadials (Magyari et al., 2000). During the intervals of milder
climate Pinus pollen frequencies often reached 70e80% and local
presence of P. cembra, P. sylvestris, P. mugo, B. nana, B. pubescens,
Larix and to a lesser extent, P. abieswas inferred, and vegetationwas
found similar with the present boreal parkland forests (Magyari
et al., 1999, 2000).

The macrofossil analysis demonstrated that local mire succes-
sion started with paludification; the initial stage with P. cembra
dominating a rich fen with typical boreal brown mosses (Calliergon
richardsonii, Scorpidium scorpioides, Warnstorfia sarmentosa) was
replaced by various types of flark-fen, poor fen and tall-sedge fen
vegetation during the LPG with the nearly continuous presence of
Sphagnum palustre and S. cuspidatum (inferred palaeoassociations
were Carex lasiocarpaeSphagnum sect. Cuspidata, Carex rostratae
Warnstorfia fluitans and Carex nigraeBryum pseudotriquetrum, see
Fig. 4 and Magyari et al., 1999, 2000).

Notable is that at the end of both local pollen assemblage zones
with high arboreal pollen values macrocharcoal concentrations in
the sediment increased and Pinus pollen frequencies decreased,
suggesting that the transitions to decreasing woody cover were
associated with local fires likely caused by increasing drought.
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4.2.2. Fehér Lake
The pollen record of Fehér Lake dates back to ca 28 ka cal BP

(620 cm) with pollen-bearing samples up to 13.91 ka cal BP
(250 cm) and one long section of unsatisfactory pollen preservation
between 263 and 323 cm (14.49e17.2 ka calBP). The pollen diagram
is shown in Fig. 5. Six local pollen assemblage zones were distin-
guished, principally reflecting relative frequency changes in AP and
the dominant terrestrial pollen taxa. Similarly to Nagymohos, the
LPG pollen record is characterized by prominent fluctuation in AP,
with three pollen zones characterized by high frequencies of Pinus
subg. Diploxylon (P. sylvestris and P. mugo in our area), increased
Picea and temperate broad-leaved tree pollen percentages (with AP
values 70e80%; zones FT-1, FT-3, FT-5) and two pollen zones with
decreased Pinus subg. Diploxylon, Picea and increased relative fre-
quencies of Poaceae, Artemisia and Betula (with AP values 40e60%;
FT-2, FT-4).

The oldest pollen zone was interpreted as indicative of boreal
forest-steppevegetationwithP. sylvestrisorP.mugo,P. cembra (P. subg.
Haploxylon pollen) and Larix woods in the floodplain where water-
supply was sufficient. In all pollen zones the herbaceous pollen as-
semblages suggested the presence of tall-herb vegetation (with Tha-
lictrum, Sanguisorba, Angelica, Campanula and Filipendula), sand
grasslands (Armeria maritima), boreal fens and wet meadows (Selag-
inella selaginoides) likely in the floodplain, while Hippophaë rham-
noides and Ephedra shrubs on exposed sandy surfaces in interfluvial
ridges, and continental cold steppe communities (Poaceae, Artemisia,
light-demanding Compositae) on the dry interfluvial ridges.

The pollen zone most likely correlated with the coldest/driest
part of the LGM (FT-4) was characterized by Poaceae dominance

and very low Artemisia values compared to the earlier low AP zone
of FT-2, from which the spread of grassy meadow steppes was
inferred. This is an important difference between Nagymohos and
Fehér Lake, as at the former site Artemisia maintained high relative
frequencies in all LPG pollen zones.

Similarly to Nagymohos, the transitions to low AP pollen zones
were characterized by microcharcoal concentration peaks sug-
gesting that wildfires played a role in the decrease of the woody
cover.

Another important feature of the Fehér Lake pollen record was
the sporadic, but repeatedly increasing appearance of several
mesophilous temperate tree pollen types (Quercus, C. betulus, Acer,
Fraxinus, Corylus). These were interpreted as an indication of
regional presence of these trees in micro- or meso-climatically
favourable habitats in the SE Great Hungarian Plain during the
milder intervals of the LPG (Sümegi et al., 2013).

4.2.3. Lake St Anne
The pollen record of Lake St Anne extends back to 25.5 ka cal BP

with continuous sediment accumulation up to the present. Fig. 6
shows the LPG part (14.3e25.5ka cal BP) of the pollen record
which was obtained from the core SZA-2010. In comparison with
Nagymohos and Fehér Lake, AP values show less pronounced
fluctuation and Juniperus pollen is typically present throughout the
LPG andmuchmore abundant (5e20%, often>10%). The five pollen
assemblage zones covering this period mainly reflect changes in
Pinus subg. Diploxylon (P. mugo and P. sylvestris) and Haploxylon
(P. cembra), Juniperus, Betula, Artemisia and Poaceae pollen
frequencies.
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The LPG (zones SZAP-1-4) is characterized by relatively high
representation of Pinus subg. Haploxylon, P. subg. Diploxylon, Juni-
perus and Poaceae pollen and low Artemisia values, which in as-
sociation with the herbs suggests the presence of dry and mesic
hemiboreal parkland forests mainly with P. cembra, P. sylvestris and
L. decidua, Juniperus shrubs, grass steppes, shrubby tundra, steppe-
tundra and talus slope associations. Locally, the crater slopes likely
supported shrub tundra, herbaceous alpine tundra and talus-slope
vegetation with Saxifraga, Soldanella, Ranunculus, Rumex, Car-
yophyllaceae, Sedum, Jasione and Thalictrum species. Outside the
cool crater mesoclimate, the presence of Juniperus, P. cembra, L.
decidua, P. abies, P. mugo, Betula, Alnus, Populus and Salix is inferred
for warmer sites from the pollen data. Notable is that during the
LGM microcharcoal accumulation rates increased, suggesting the
presence of woody biomass in the region even during the coldest/
driest period of the last glaciation, and its more frequent burning
likely in connection with enhanced drought under continental
climate. Artemisia and Chenopodiaceae only regained abundance
after 19.2 ka cal BP, which corresponds with the terminal phase of
the LGM based on glacial ice-sheet extent studies (Clark et al.,
2009).

4.3. Ordination of fossil and modern pollen spectra

Fig. 7 and Table 2 show the results of the principal components
analysis in which the modern and fossil pollen spectra were both
included. Species scores in Table 2 show that the first principal
component (PC1) has high positive values for Artemisia, Poaceae

and Juniperus, while Pinus, Betula and Picea have large negative
values suggesting that PC1 represents a steppe-coniferous forest
gradient. This component thus mainly discriminates forested and
treeless vegetation types, and in agreement with this division, the
majority of the modern pollen samples from open vegetation types
group on the right side of the ordination diagram, while those from
the wooded vegetation types group on the left side (Fig. 7). There
are however exceptions, e.g. several steppic scrub samples fall on
the left side and several continental hemiboreal forest samples on
the right, which agrees well with the partial openness of these
vegetation types. PC2 has the highest positive values for Pinus, Larix
and Picea, while Betula has a significant negative value. Given the
merging of both Pinus taxa into one group, PC2 may represent a
gradient in forest moisture and openness, where samples fromwet
and dense forest types are situated at the top, while dry and more
open forest are at the bottom. As expected, relatively few of the CB
Late Pleniglacial pollen samples fall on the top left part of the
ordination diagram (mainly FT samples), as these assemblages are
characterized by low Betula pollen percentages.

The proportions of variance explained by the ordination along
the first two axes are 27.4 and 13.8%. These axes separate the
modern samples relatively well. The position of the fossil samples
on the ordination plot relative to the modern samples suggests that
the LPG vegetation of Nagymohos (NM) was similar to the Siberian
dry steppe and steppic scrub and occasionally to continental taiga
and continental hemiboreal forest. Fehér Lake (FT) sample scores
overlap mainly with wooded vegetation types: suboceanic and
continental hemiboreal forest and continental taiga, but several

Fig. 3. Percentage pollen diagram of selected pollen taxa in the Late Pleniglacial profile of Nagymohos (394 m a.s.l., Kelemér, NE Hungary) plotted against calibrated BP age and
depth. LPAZ: local pollen assemblage zones. Sum of mesophilous temperate deciduous trees includes Quercus, Corylus, Ulmus, Tilia, Acer, Carpinus betulus, Fagus and Fraxinus excelsior
type.
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fossil samples also overlap with the meadow steppe and steppic
scrub samples. Clearly, the ordination plot suggests that FT was the
most wooded site during the LPG. Most fossil pollen assemblages
from the East Carpathian Lake St Anne (SZA) group around the zero
point, show little variability and either do not overlap with modern
samples or in a few cases lie near the modern samples of steppic
scrub, alpine grassland, dry steppe and continental taiga, suggest-
ing similarity with these vegetation types. Also notable is the
divergence of the youngest SZA samples (younger than
17 ka cal BP). These come closer to meadow steppe and generally
move towards the left side of the ordination diagram that can be
explained by the increasing Pinus percentages in these samples
suggesting increased similarity with the woody vegetation types.

Overall, PCA suggests that (1) the two mountain sites NM and
SZA are similar mainly to open vegetation types and (2) they are
more similar to each other than to FT; (3) FT was likely the most
forested site during the LPG, at least in the surroundings of the
pollen deposition site, and (4) SZA has the lowest similarity to the
modern pollen samples from Siberia.

4.4. Modern analogue technique reconstruction

Receiver operating characteristics (ROC) analysis of the training
dataset (Table 3) resulted in a good discrimination between vege-
tation groups based on pollen spectra, indicated by high area under

curve (AUC) values for all vegetation types. Application of AUC to
individual vegetation types shows very good statistical perfor-
mance with highly significant differences between dissimilarity
values for analogues/non-analogues, except for the meadow steppe
group. This may be caused by low variability within the group
resulting in a low discriminant dissimilarity value (0.295).

Fig. 8 shows the results of applying the ROC methodology to the
Altai-Sayan modern pollen dataset. A pair of samples was consid-
ered analogous if both were located in the same vegetation type as
defined in Fig. 2, and non-analogues if each derived from different
vegetation type. Kernel density estimates of the distribution of pair-
wise dissimilarities for the training set in Fig. 8c indicate both
analogue and non-analogue pairings at relatively low dissimilarity
values, but still most of the analogue pairings have very low chord-
distance values (most frequent values yield 0.25). This suggests,
first of all, that the modern pollen assemblages have many simi-
larities in species composition and relative frequencies, and second,
that the modern samples still discriminate the vegetation types
well but at low dissimilarity values. This characteristic of the
modern pollen dataset results in the determination of an optimal
chord distance threshold (dcrit) of 0.443. Above this value modern
and fossil samples are considered as non-analogues according to
the ROC analysis.

The similarity of the modern pollen assemblages may be
explained by two features:
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1) Taxonomic harmonization of the modern and fossil pollen data
resulted in the merging and occasionally removal of several
pollen types from the modern pollen dataset (see
Supplementary Table 2, e.g. Pinus subg. Haploxylon was merged
with Pinus subg. Diploxylon), which decreased the dissimilarity
of the modern spectra.

2) The modern pollen assemblages came from a relatively small
geographical mountainous area (ca 400 � 400 km) where
complex topography results in marked vegetation changes at
small distances. These sharp vegetation changes are however
partially masked by pollen transport to larger distances (uphill
pollen transport, regional pollen rain).

3) Furthermore, pollen spectra are markedly biased in vegetation
producing less pollen (generally treeless vegetation), where
regional pollen component originating from all vegetation types
in a broader area (sensu Sugita, 2007) may create substantial
part of the pollen spectrum.

When applying dcrit 0.443 in the analysis, very few true (sta-
tistically significant) analogues were found for the LPG pollen as-
semblages from the CB (Fig. 9). Statistically significant analogues
were most often dry steppe, wet and mesic grassland and meadow
steppe at all the three CB/CM sites. Hemiboreal forest and taiga
were rarely indicated as the first true analogue; in SZA continental
taiga was identified at 23.5 and 24.7 ka cal BP as the best analogue,

and at 23.8 ka cal BP as the second best analogue (after dry steppe).
The lowland site FT showed similarity with continental taiga and
hemiboreal forest at 26.3 and 20 ka cal BP as the first, second or
third best analogue (with <0.443 chord distance). A very similar
pattern was found in NM, but at this site wooded vegetation types
never appeared as the first analogue. Lake St Anne had the fewest
true analogue matchings during the LGM; however, between 16.5
and 14.3 ka cal BP the pollen assemblages had true analogues with
the Siberian continental taiga and dry steppe, suggesting that after
Heinrich event 1 the landscape gradually became more forested
with a similar character as the modern vegetation of the Altai-
Sayan Region where continental taiga alternates with dry steppe.

An important feature of the modern analogue diagram (Fig. 9) is
the near-total absence of true analogue vegetation between 25 and
22 ka cal BP, and in case of SZA even up to 19 ka cal BP. We assume
that differential modes of pollen recruitment in modern and fossil
samples (moss polsters and soil samples in the former, peat bogs
and lakes in the latter) contributed only marginally to the analogue
matching, as most of the surface sample sites were in large forest
openings or in open landscape probably similar to the LPG land-
scape of the CB and CM, and pollen types with proven local origin
were excluded from both the fossil and modern pollen spectra.
Nonetheless, we cannot exclude that some proportion of the
sample dissimilarities may derive from the different taphonomy of
the sampling sites.

Fig. 5. Percentage pollen diagram of selected pollen taxa in the Late Pleniglacial profile of Fehér Lake (FT) (83 m a.s.l., Kardoskút, SE Hungary) plotted against calibrated BP age and
depth. LPAZ: local pollen assemblage zones. Sum of mesophilous temperate deciduous trees includes Quercus, Corylus, Ulmus, Tilia, Acer, Carpinus betulus, Fagus and Fraxinus excelsior
type.
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Fig. 6. Percentage pollen diagram of selected pollen taxa in the Late Pleniglacial profile of Lake St Anne (SZA) (950 m a.s.l., B�aile Tuşnad, Eastern Carpathian Mts, Romania) plotted against calibrated BP age and depth. LPAZ: local pollen
assemblage zones. Sum of mesophilous temperate deciduous trees includes Quercus, Corylus, Ulmus, Tilia, Acer, Carpinus betulus, Ostrya/Carpinus orientalis, Fagus, Fraxinus excelsior type and Fraxinus ornus.
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5. Discussion

5.1. The character of the Late Pleniglacial vegetation in the
Carpathian Basin and the Eastern Carpathian Mountains

Easternecentral European LPG sites are often characterized by
relatively high Pinus pollen percentages (Gerasimenko, 2006;
Andri�c et al., 2009; Starnberger et al., 2009; Fletcher et al., 2010),
which is often implicitly interpreted as reflecting partially wooded
pine-dominated boreal forest-steppe landscapes (with P. sylvestris
and P. cembra). The terms most often used are parkland forest
(Willis et al., 2000), taiga forest-steppe, forest-steppe with Pinus,
open boreal forest (Rudner and Sümegi, 2001; Gerasimenko, 2006;
Fletcher et al., 2010; Sümegi et al., 2012a,b, 2013), or open forest-
tundra (Müller et al., 2003).

The three LPG pollen sequences examined in this study also
showed high and periodically fluctuating Pinus and total arboreal
pollen frequencies, which we have interpreted as reflecting a
partially wooded boreal forest-steppe landscape in the CB during
the LPG. When we compared our fossil pollen assemblages with
modern pollen spectra from southern Siberia by PCA and AM, we
found that despite the high arboreal pollen frequencies, the most
similar modern vegetation belongs in many cases to unforested or
shrubby types (dry steppe, mesic grassland, meadow steppe), while
continental hemiboreal and taiga forest types occur as second or
third true analogues. Only the lowland site, Fehér Lake, overlapped
frequently with the modern suboceanic and continental hemi-
boreal forest and continental taiga samples in the PCA biplot
(Fig. 7). Therefore the first inference to be drawn from our modern-
fossil data comparison is that LPG landscapes in the CB and Eastern
Carpathian Mountains may have been less wooded than suggested
by the AP percentage values. As demonstrated by Pelánková et al.
(2008) and Pelánková and Chytrý (2009),arboreal pollen types
(especially P. sylvestris and P. sibirica) are overrepresented in surface
pollen assemblages in the mosaic landscape of southern Siberia
where forest patches alternate with steppe and tundra due to cli-
matic and topographic differences in relatively small areas. In the
Altai and Sayan Mts dry and meadow steppes and mesic grasslands

occasionally receive 60e70% arboreal (mainly Pinus) pollen, even
though pine forests can be within tens of kilometres distance of the
surface sample locations (Pelánková et al., 2008; Pelánková and
Chytrý, 2009). High values of Pinus pollen were also found in the
Last Glacial Balkan pollen record of Lake Prespa, where the values of
40e60% of Pinus pollen were associated with low overall terrestrial
pollen accumulation rates, suggesting overrepresentation of the
rich pollen producer Pinus due to decreasing vegetation cover
(Panagiotopoulos et al., 2013). Pollen monitoring studies at the
northern distribution limit of P. sylvestris also show its over-
representation when expressed as relative frequencies (Hicks,
2001). However, pollen accumulation rates clearly suggest that
local presence is associated with values >500 grains cm�2 yr�1.
Although the ageedepth model derived sediment accumulation
rates may not be accurate for each level in case of our studied
sediment sequences, calculation of total Pinus pollen accumulation
rates suggest that in Fehér Lake this limit is only attained in samples
older than 26.5 ka cal BP, in Nagymohos older than 25.7 ka and at
19.2 ka cal BP, while in Lake St Anne nearly all samples exceed this
limit considerably; values are mostly within the range of 600e
3000 grains cm�2 yr�1, and only in a few samples fall below the
local detection limit of 500 grains cm�2 yr�1 (Fig. 9). These accu-
mulation rate data suggest that Pinus relative frequencies are
misleading in these records, and local presence can most securely
be inferred in the pre-LGM layers of NM and FT, while in the vicinity
of Lake St Anne Pinuswas present between 25.6 and 15 ka cal BP, i.e.
also throughout the LGM. We must note, however, that P. cembra
macrofossils were found in the bottom layers of NM, where total
Pinus pollen accumulation rates either do not exceed the local
detection limit (Figs. 4 and 9), or exceed it only slightly, so accu-
mulation rates have to be treated also with caution when inferring
local presence during glacial conditions when pollen production
was likely affected by low CO2 levels (Willis and Whittaker, 2000).

The predominance of steppic vegetation types as the best
modern analogues is thus supported by the pollen accumulation
rate data; however, this does not mean that trees or forest patches
were not present in the LPG landscape. The presence of trees during
the LPG has been demonstrated in the CB and in the lowlands east

Fig. 7. Principal components analysis (PCA) ordination scatterplot of modern and fossil pollen samples analysed together. Full and empty symbols represent the modern forest and
treeless vegetation types of southern Siberia, respectively. Fossil pollen spectra from eastern-central Europe are represented by lines connecting samples of each profile in their
stratigraphical order. The youngest sample is marked as asterisk. Axes 1 and 2 explain 27.4% and 13.8% of the total variance, respectively.
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of the Carpathians by numerous loess-charcoal records (Rudner
and Sümegi, 2001; Willis and van Andel, 2004; Haesaerts et al.,
2010). Rather, we infer that forest cover was less than suggested
by the tree pollen values of the fossil samples. Trees were likely
concentrated along water courses, in wet basins and on north-
facing slopes, and less abundant on south-facing slopes and low-
land exposed surfaces outside river floodplains. Supporting evi-
dence for this interpretation comes from palaeozoological studies
of cave and loess deposits in the CB (Pazonyi, 2004, 2011) that
indicated the dominance of steppe-dwelling herbivores in associ-
ation with typical tundra and boreal forest elements during MIS 2.
Other evidence for decreasing woody cover during the LGM in
Central Europe comes from Late Pleniglacial loess charcoal studies
(31e17 ka cal BP according to Haesaerts et al., 2010), which show
that in Moravia and Lower Austria charcoals were missing from the
loess deposits after 23 14C ka (w27.85 ka cal BP) (Damblon and
Haesaerts, 2002; Willis and van Andel, 2004; Haesaerts et al.,
2010). These datasets along with geomorphological features (ice-
wedge casts, tundra gleys, sandy loess) were interpreted by
Haesaerts et al. (2010) as evidence for steppic, desertic or tundra
character of these sites during the LPG. In contrast, P. sylvestris,
P. cembra, Larix and Betula charcoal remains were still recovered in
lower quantities from LPG loess deposits in Hungary (summarized
by Willis and van Andel, 2004), suggesting that hemiboreal open
woodlands were present in the landscape. In contrast, the only dark
taiga component, P. abies, likely disappeared or decreased consid-
erably in the lowlands, suggesting also decreasing moisture avail-
ability in that period. This picture agrees with the pollen record and
modern analogue technique inferred LPG vegetation of our CB
lowland site Fehér Lake (FT), where the few statistically significant
analogues showed similarity with the south Siberian dry and mesic
hemiboreal forests, where the canopy is composed of P. sylvestris, B.

pendula, L. sibirica and P. sibirica (Ermakov et al., 2000; Chytrý et al.,
2008, 2012) and occasionally with continental taiga in which P.
sibirica is mixed with P. obovata. Wemust emphasize, however, that
these wooded vegetation types nearly always showed less simi-
larity with the LPG vegetation than wet and mesic grasslands and
dry steppe, likely indicating the larger share of these open vege-
tation types.

Loess-charcoal studies also point out an important difference
between the CB and the lowlands along the Prut river valley (Fig. 1).
The latter area lies in the vicinity of our East Carpathian Mountain
pollen record, Lake St Anne (SZA). Although SZA showed the least
similarity with any of the south Siberian modern vegetation types,
the record clearly attested to the persistence of regional woody
cover composed of P. sylvestris, P. mugo, P. cembra and Juniperus
between 19 and 23 ka cal BP in associationwith increasing regional
wildfires. This observation is in contrast with the global fire regime
trend during the LGM, which showed decreasing biomass burning
(Daniau et al., 2010). This surprising persistence of regional woody
cover and biomass burning throughout the LGM coincides with the
persistence of Epigravettian human populations and sustained
diverse boreal tree cover in the lowlands east of the Carpathians
(Fig. 1), where macrocharcoals of Picea, P. cembra, Larix, Juniperus,
Betula, Salix, Alnus, Populus and Rubus were continuously recorded
in the Prut river valley loess sequences (Willis and van Andel, 2004;
Haesaerts et al., 2010)even in the tundra-gley horizons. Again, the
presence of trees and shrubs does not mean that wooded vegeta-
tion types were predominant landscape components; the SZA
pollen record itself shows a broader overlap with the modern
steppe and alpine grassland vegetation types in the PCA plot, which
despite the non-analogue vegetation suggests the partial openness
of the landscape in the mid-elevation zones of the Eastern
Carpathians.

Now turning to the character of the LPG vegetation of the CB and
CM, several fine details become apparent when we compare the
herbaceous pollen types and their affinity to various modern
vegetation types in southern Siberia. Table 4 shows 1) the
appearance of several herbaceous pollen types that occur jointly in
dry to mesichemi boreal forests and steppe or forest-steppe
meadows (e.g. Androsace, Pleurospermum, Potentilla, Primula, Pru-
nella, Sanguisorba officinalis, Thalictrum); this group of herbs is the
most numerous; 2) the presence of herbs typical of taiga ormesic to
wet forest (Aconitum, Empetrum, Ribesalpinum, Lonicera nigra,
Vaccinium, Trientalis europaea) in all three LPG pollen records, but
most abundantly in Nagymohos (NM) and after 17 ka cal BP in SZA
suggesting the presence of taiga habitats in the vicinity of Nagy-
mohos; 3) the absence of typical tundra elements in the fossil
pollen records, except for a few pollen grains of Dryas octopetala in

Table 2
Principal component scores of selected pollen types.

PC1 PC2

Betula �0.258 �0.817
Larix 0.161 0.156
Picea abies �0.151 0.132
Pinus �0.827 0.370
Alnus viridis �0.104 �0.075
Juniperus 0.266 0.114
Artemisia 0.631 �0.116
Caryophyllaceae undiff. 0.193 0.077
Chenopodiaceae 0.252 0.077
Poaceae 0.657 0.144
Umbelliferae undiff. 0.101 �0.058

Table 3
Summary results from the receiver operating characteristics (ROC) curve analysis of the training pollen dataset from southern Siberia. Analysis has been applied individually to
ten defined vegetation types as well as to all types combined.

ROC curves of dissimilarities:

No. analogue pairings No. non-analogue
pairings

Optimal
dissimilarity

Area under ROC curve (AUC) Standard error of AUC p-value

Alpine grassland 9 134 0.515 0.988 0.025 0.0010
Dry steppe 36 107 0.417 0.922 0.032 <0.0001
Hemiboreal forest continental 22 121 0.448 0.951 0.032 0.0006
Hemiboreal forest suboceanic 10 133 0.416 0.987 0.025 0.0005
Meadow steppe 10 133 0.295 0.972 0.036 0.1600
Shrubby tundra 13 130 0.382 0.981 0.027 0.0003
Steppic scrub 9 134 0.474 0.986 0.028 0.0042
Taiga continental 16 127 0.349 0.985 0.021 <0.0001
Taiga suboceanic 12 131 0.353 0.992 0.017 <0.0001
Wet and mesic grassland 6 137 0.47 0.994 0.021 0.0024
Combined 143 1287 0.443 0.980 0.008 <0.0001
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SZA and sporadic presence Vaccinium in all fossil pollen records
that can indicate both tundra and taiga. This suggests that vege-
tation similar to modern tundra or alpine vegetation types was
uncommon in the CB, but it likely occurred in wet habitats with
permafrost in the crater of Lake St Anne.

Overall, our analyses suggest that vegetation of the CB and CM
most resembled the forest-steppe/steppe zono-ecotone of southern
Siberia with a landscape mosaic of dry steppe, wet and mesic
grassland, meadow steppe and hemiboreal forest, as it has been
also suggested by mollusc studies (Sümegi, 2005; Horsák et al.,
2010; Sümegi et al., 2012a,b).

Further insight into the character of the LPG vegetation is
offered by the bryophyte assemblages of Nagymohos that were
used to reconstruct the succession of LPG mire palaeoassociations
at this Western Carpathian foothill site. As shown in Fig. 4, the
landslide basin of Nagymohos was paludified after its formation:
the initial P. cembra wooded fen was followed by various flark-fen,
poor-fen and rich-fen mire types in which brown mosses (e.g. C.
richardsonii, S. scorpioides and W. sarmentosa) and occasionally
Sphagnum species prevailed. These brown mosses have restricted
distribution today in the higher mountains of Europe, in Scandi-
navia and in the boreal and subarctic zone of NE Europe and Siberia
(Eurola et al., 1984), where they usually appear in different types of
fens and other wet habitats. Together with the abundant macro-
fossil findings of P. cembra (twig and seed fragments) this assem-
blage pointed to the development of a boreal wooded fen in the
Nagymohos basin directly before the onset of the LGM. Such mires

in NE Europe and Siberia today are usually associated with taiga
and hemiboreal forest habitats (Eurola et al., 1984), but in northern
Siberia they also appear in forest-tundra, tussock and dwarf-shrub
tundra (Walker et al., 2002). Although typical tundra herbs were
not found in Nagymohos, several taxa, e.g. Rosaceae undifferenti-
ated, Papaver, Saxifraga and Polygonum bistorta may derive from
tundra herbs in this pollen record, suggesting that a heterogeneous
environment with altitudinal and exposure-driven habitat differ-
ences likely existed there.

Such mosaic-like environment can also be traced in the present
vegetation of southern Siberian mountains where the pattern of
treeless and forested vegetation is strongly determined by slope
aspect, with steppe regularly appearing on south-facing slopes,
forest on north-facing slopes, wet and mesic grasslands on valley
bottoms, and alpine grasslands and tundra restricted to high ele-
vations (Chytrý et al., 2008, 2012; Pelánková et al., 2008; Pelánková
and Chytrý, 2009). The Nagymohos site is situated in a local
depression of an SE-facing gentle slope, but with cool mesoclimate
because of the topographic shading by a nearby NeS running ridge.
The mire was surrounded by south-facing hillslopes that likely
supported dry steppes and mesic grasslands during the LPG, while
boreal trees likely survived in wet microhabitats of the nearby
Kelemér river valley and the western slopes of the NeS running
ridge. In case of Lake St Anne slope aspect was probably also
important together with elevation. Since this volcanic crater is
situated at 950 m a.s.l. and has a cool mesoclimate today that is
reflected in reversed vegetation zonation (Magyari et al., 2009), we
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suggest that boreal trees were not present in the crater during the
LGM, but the moist lakeshore likely supported dwarf shrubs (e.g.
Alnu sviridis and B. nana) and the crater slopes were either barren or
supported patchy tundra or alpine grasslands (with D. octopetala,
Salix herbacea and Soldanella species), while P. sylvestris and L.
decidua dominated open forests likely prevailed in sheltered places
of the north-facing slopes at lower elevation, with Juniperus scrub
and alpine mesic grasslands developed higher up. Juniperus species
(J. pseudosabina, Juniperus sabina and J. sibirica) do not form any
distinct vegetation zones in the Altai and Sayan Mts today, and
become dominant in small patches only (Kuminova, 1960). There-
fore modern analogues for this vegetation have to be looked for
elsewhere. The abundance of Juniperus in the East Carpathian
Mountains during the LPG is a distinctive feature of this area in
comparison with the other two CB locations. It can most likely be
ascribed to the high elevation of the site and the enhanced con-
tinentality of its climate (January mean temperatures in the nearby
Ciuc basin often reach �20 �C today while summers are relatively

warm). Continentality extremes must have been even more pro-
nounced during the LGM (Strandberg et al., 2011). Similar climates
today prevail in several Central Asian high mountain ranges, e.g. in
the Northern Tien-Shan, where Juniperus turkestanica forms a wide
vegetation belt on north facing slopes between 1500 and 2500m in
the Dzhungarsky Alatau above a narrow coniferous belt
(Agakhanyants,1981). Also notable is that in thesemountains semi-
desert and meadow-steppe occupy northern slopes at lower
elevation (below 1500e1100 m) due to low available moisture at
these altitudes. Although the mountains around Lake St Anne are
much lower (highest peaks 1100e1200 m a.s.l.), the northern slope
zonation during the LPG may have been similar to Dzhungarsky
Alatau today.

Finally, the vegetation pattern of the most southerly located
lowland site, Fehér Lake, can be best compared with the large
intermontane basins in the southern Altai-Sayan Mountains, which
are dominated by dry steppes intersected by gallery forests of Larix
and Picea along the rivers (Chytrý et al., 2008; Pelánková and

Fig. 9. Data synthesis. (a) Statistically significant analogues between the Late Pleniglacial pollen spectra of Lake St Anne (SZA), Nagymohos (NM), Fehér lake (FT) and the modern
pollen assemblages of the Altai-Sayan Mountains. Statistically significant analogues are shown in ascending chord distance order; (b) GISP2 d18O curve form Greenland (Grootes
et al., 1993); (c) temperate mesophilous temperate deciduous tree pollen curves, each curve sums up the relative frequencies of Quercus, Corylus, Ulmus, Tilia, Acer, Carpinus betulus,
Fagus and Fraxinus excelsior type; d) Pinus (subgenus Diploxylon & Haploxylon) pollen accumulation rates. DO-1, DO-2: Dansgaard-Oeschger events 1 & 2; H-1: Heinrich events 1 & 2.

E.K. Magyari et al. / Quaternary Science Reviews 95 (2014) 60e79 73



Author's personal copy

Chytrý, 2009). While Larixwas likely present in the riparian forests
around Fehér Lake, the canopy composition of these open forests
changed between 27 and 13 ka cal BP, as the pollen assemblages
suggest a decreasing representation of Picea, Larix and Betula after
20ka calBP and increasing abundance (but decreasing accumula-
tion rates) of Pinus subg. Diploxylon suggesting either decreasing
tree cover on the palaeochannel shore or the spread of pines (P.
mugo and P. sylvestris).

An important common feature of the CB LPG pollen records was
the decrease of Artemisia against Poaceae. This relative frequency
change broadly coincides with the onset of the maximum cooling
above Greenland after DansgaardeOeschger event 2, around
21 ka cal BP (NGRIP members 2004). Surface pollen studies from
southern Siberia, Mongolia and China help us interpret the un-
derlying climatic and ecological changes (Wang et al., 1996; Liu
et al., 2006;Pelánková et al., 2008). In southern Siberia the pollen
representation of Artemisia is positively correlated with summer
temperatures (Pelánková et al., 2008), therefore one plausible
explanation is a significant decrease in summermean temperatures
that might have favoured a change in steppe vegetation composi-
tion. In the modern vegetation of southern Siberia, the highest
Poaceae and lowest Artemisia pollen values are in wet and mesic
grasslands, and despite the poor true analogue situation, this
vegetation types was indeed found as the most frequent best
analogue for the LPG vegetation. In southern Siberia wet and mesic
grasslands occur in the river floodplains or north-facing or shaded
slopes of the river valleys, which are receiving highermoisture than
the surrounding landscape due to the effect of the river. Often there
is a sharp transition from wet and mesic grasslands to dry steppes
at the floodplain edges or between sun-exposed and shaded slopes.
Similar mesic grasslands may have been developed in the flood-
plain or its edges or near the lakeshore at Féher Lake, although
vegetation of the broader surroundings of this site may have been
dry steppe.

An alternative explanation of the Artemisia decline and Poaceae
rise is offered by changing grazing pressure after 21 ka cal BP.
Surface pollen studies from the Asian steppes often find poor cor-
relation between the representation of grasses in the vegetation

and surface pollen spectra and explain this mismatch by restricted
flowering of grasses due of overgrazing (Wang et al., 1996). If we
assume that the herbivore population was more numerous in the
CB before the LGM, we can argue that the compositional change in
the herbaceous vegetation may reflect decreasing herbivore pop-
ulation size. This inference is seemingly supported by the
mammalian faunas that show a decrease in large herbivore pres-
ence after 20 ka uncal BP (23.9 ka cal BP) (Pazonyi, 2004). However
late Pleistocene faunas of the CB are mostly undated. The few
radiometrically dated mammoth, rhinoceros and horse remains
suggest that large herbivores were present during MIS 2 in the CB
(Kovács et al., 2012), but the data are yet inconclusive regarding the
LGM population size changes.

5.2. Is the south Siberian landscape a good analogue of the Late
Pleniglacial vegetation of the Carpathian Basin and Carpathian
Mountains?

One important result of our LPG e modern pollen assemblage
comparison was a low number of statistically significant analogues
with the modern vegetation types of southern Siberia. This was
despite many vegetation and faunal studies argue that the most
similar ecosystems to the LPG landscapes of east Central Europe
exist in the Altai and Sayan Mountains (Frenzel et al., 1992; Sümegi,
2005; Jankovská and Pokorný, 2008; Kune�s et al., 2008; Horsák
et al., 2010; Varga, 2010). Although we cannot exclude that better
analogues to the LPG vegetation may exist in other parts of conti-
nental Asia, the apparent overlap in the herbaceous vegetation
components, fossil and modern snail faunas of the CB/CM and
southern Siberia are quite convincing (Varga, 2010) and no better
analogues have been suggested so far. However, it would be naive
to expect that current ecosystems of southern Siberia or any other
region are perfect analogues of certain palaeoecosystems. Although
modern analogues can help us develop understanding of past
ecological processes, they are always only partial analogues, with
some common features but also some differences. There are several
reasons for these differences.

First, the studied fossil sites in the CB and the sites of modern
pollen samples in the Altai-Sayan Mountains are separated by a
distance of about 4300e5100 km. Both of these regions have
different biogeographical histories and are influenced by species
migration from different regions. Therefore, in addition to the
shared species and similar vegetation types, there are inevitable
differences in biota that would exist even if local environmental
conditions were identical between the LPG CB/CM and the modern
Altai-Sayan.

Second, the quality of the fossilemodern analogues is crucially
dependent on the taxonomic resolution of fossil data. Herewe used
pollen, which cannot be determined to the species or genus level in
most cases. If all fossil pollen grains could be determined to the
species level, the similarity between fossil and modern samples
calculated based on the species would be almost certainly lower,
because several higher-level taxa are present in both fossil and
modern samples (e.g. Poaceae), thus contributing to sample simi-
larity, but if they were divided into species, they would contain
several different species, contributing to dissimilarity. Thus it is
important to realize that whether or not some samples are iden-
tified as ‘statistically significant’ analogues depends on taxonomic
resolution. Therefore even ‘statistically significant’ analogues as
identified by the modern analogue method are probably no true
analogues in a strict sense.

Third, although the Altai-SayanMountains have several features
of their continental climate similar to the modelled climate of the
CB/CM, there are some differences. The most important charac-
teristics of the European LGM climate have been discussed in detail

Table 4
Appearance of indicator pollen types in the studied Late Pleniglacial pollen se-
quences: Lake St Anne (SZA), Fehér Lake (FT) and Nagymohos (NM).

Tundra and alpine
elements

Taiga and mesic-wet
forest elements

Mesic-dry forest and
steppe elements

SZA Dryas octopetala Vaccinium Pedicularis
Soldanella
Pedicularis
Vaccinium

Trientalis
(>17-ka cal BP)

Pleurospermum

Polygonum viviparum Potentilla
Saussurea Prunella

Primula
Sanguisorba officinalis
Saussurea
Thalictrum

FT Ericaceae Ribes alpinum Gentiana
Picea Sanguisorba officinalis
Ericaceae
Frangula

NM Polygonum viviparum Lonicera nigra Sedum
Aconitum Ribes alpinum Aconitum
Polemonium Aconitum Polemonium
Gentiana Papaver
Androsace Gentiana

Sanguisorba officinalis
Thalictrum
Pleurospermum
Androsace
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by several authors (Peyron et al., 1998; Jost et al., 2005; Kageyama
et al., 2006; Ramstein et al., 2007; Strandberg et al., 2011). Regional
climate simulations (Jost et al., 2005; Strandberg et al., 2011) sug-
gest that the mean temperature of the coldest month (MTCO) in the
Carpathian Basin (East Carpathian Mountains) was around �9
to�15 �C (�14 to�17 �C), while mean temperature of the warmest
month (MTWA) was 12e18 �C (6e12 �C) and annual precipitation
(PANN) was w360 mm (w500 mm at 950 m a.s.l.). Model simula-
tions furthermore suggested relatively weak MTCO decrease in the
CB (6e9 �C lower than today) and some models even suggest
higher than present precipitation in the Carpathian Mountains (by
w10%, Strandberg et al., 2011). Some of these climatic character-
istics differ from the present climate of the Altai-Sayan region,
where particularly winter temperatures are much lower (�17
to �36 �C) in a large part of the area than expected for the LGM CB
by the model simulations (�9 to �15 �C). Proxy-based climatic
reconstructions from the CB also confirm the model-based esti-
mates of the mean temperature of the warmest month. Sümegi and
Krolopp (2002) and Sümegi et al. (2012a,b) reconstructed 11e14 �C
using LGM mollusc assemblages, while groundwater noble gas and
mammoth teeth oxygen isotope studies suggested that LGM mean
annual temperatures (MAT) were around 9 �C colder than today
(Varsányi et al., 2011; Kovács et al., 2012). Although these two re-
constructions do not fully agree with the climate model simula-
tions, reconstructed MAT values fall within the lower limit of the
modelled MAT, which is estimated to be by 3e11 �C colder than
today (Strandberg et al., 2011). Proxy based rainfall reconstructions
for the LPG furthermore suggest that annual rainfall in the CB was
350e400 mm/yr (Bradák et al., 2010) in the cold phases. This
reconstructed value agrees well with the lower limit of the
modelling results, which is 360e720 mm/yr (Strandberg et al.,
2011). Most areas with dry or meadow steppe and forest-steppe
covering the modern landscapes of the Altai-Sayan Mountains
receive similar rainfall or less, suggesting that annual rainfall values
are comparable. Overall, the non-analogue climatic and vegetation
features of the Carpathian Basin during the LGM likely result from
less cold winters relative to the modern climate of the areas in the
Altai-Sayan Mountains dominated by cold steppe and hemiboreal
forest. In these areas MTCO of the modern pollen sample locations
ranges from �16 to �37 �C.

Fourth, LPG vegetation was globally limited by extremely low
CO2 levels, which affected vegetation via modifying the water and
carbon uptake by plants (Cowling and Sykes, 1999). This makes the
existence of true modern analogues impossible on the global scale.
The LPG vegetation would probably be less productive even if all
climate features were perfectly matching between the LPG CB/CM
and the modern Altai-Sayan region. The change in CO2 level
explained well the shift to steppic vegetation in the Mediterranean
(Wu et al., 2007), and it likely also explains the palynologically less
distinctive decrease of boreal woody cover in the CB and CM, as low
CO2 specifically makes arboreal species less competitive (Harrison
and Prentice, 2003).

If we examine how the analogue situation alters when we
compare MIS 3 pollen assemblages with the modern pollen spectra
of the Altai-SayanMountains, we find that twoWestern Carpathian
mountain sites are much more similar to the south Siberian vege-
tation (Fig. 10). We used the pollen record of Jabl�unka, dated to
44.8e39.7 ka cal BP (Jankovská et al., 2002; Jankovská and Pokorný,
2008; Kune�s et al., 2008), and �Safárka, dated to 52e16.5 ka cal BP
(Jankovská and Pokorný, 2008; Kune�s et al., 2008), and found
higher proportions of statistically significant analogues than in the
case of the LPG pollen assemblages of the CB and CM. Dissimilarity
values were lowest between the modern dry steppe and the fossil
samples, but continental taiga, suboceanic hemiboreal forest and
continental hemiboreal forest pollen samples also showed very low

dissimilarities, suggesting that some regions of the Western Car-
pathian Mountains were characterized by a mosaic of dry steppes,
meadow steppes and various taiga and hemiboreal forests during
MIS 3 (Kune�s et al., 2008). The similarity with the southern Siberian
mountain landscape however decreased later, as suggested by the
scarcity of statistically significant analogues between the younger,
MIS 3e2 �Safárka pollen record and the Siberian modern samples.
The number of statistically significant analogues, on the other hand,
increased again towards the Lateglacial at this site, similarly to Lake
St Anne, where the records younger than 17 ka cal BP had several
statistically significant analogues with the Siberian continental
taiga and dry steppe samples. This comparison suggests that the
most deviating vegetation types were likely formed during the
LGM, when climatic settings and CO2 levels were the most different
from today’s, while the MIS3 and Lateglacial landscapes have
matching vegetation types in the modern vegetation of southern
Siberia.

5.3. Temperate broad-leaved deciduous tree refugia in the CB
during the LPG and LGM

While global or continental-scale vegetation reconstructions
and biome models suggest that the major biomes were tundra and
steppe in the CB and CM during the LGM (Harrison and Prentice,
2003; Jost et al., 2005; Peyron et al., 2005; Wu et al., 2007), our
pollen and microcharcoal records from this area along with loess-
charcoal records suggested that the LPG vegetation had a signifi-
cant woody component; woody cover showed cyclic increase and
decrease, and fire frequencies increased in the mid-mountain zone
of the East Carpathians, where further decrease inwoody cover was
not detected during the LGM; instead, woody cover decreased after
19 ka cal BP (Fig. 9).

Fig. 10. Statistically significant modern analogues between the MIS 3e2 pollen spectra
of Jabl�unka and �Safárka (Western Carpathians, Czech Republic and Slovakia, respec-
tively) and the modern pollen assemblages of the Altai-Sayan Mountains. Statistically
significant analogues are shown in ascending chord distance order. See Fig. 9 for colour
code legend and Fig. 1 for site locations. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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In addition to the proven LGM survival of boreal and cool-
temperate trees in the CB (Willis et al., 2000; Rudner and Sümegi,
2001; Willis and van Andel, 2004; Bhagwat and Willis, 2008;
Birks and Willis, 2008; Provan and Bennett, 2008), an important
question remains whether the topographically diverse mountains
and the humid river valleys provided shelter for some mesophilous
temperate broad-leaved deciduous trees during the LGM in the CB
and CM (mesophilous temperate deciduous trees are defined here
as tree taxa of the modern European mesic temperate broad-leaved
deciduous forests; see Olson et al., 2001). Macrofossil evidence is
yet missing for LGM mesophilous temperate deciduous tree sur-
vival in the CB, CM and adjacent regions (Tzedakis et al., 2013), but
several Lateglacial and MIS 3 pollen studies argue that some of
these tree species likely survived in the CB and CM (Willis et al.,
1995; Feurdean et al., 2007, 2012; Jankovská and Pokorny,
2008;Magyari et al., 2010). As shown in Fig. 9 and Supplementary
Fig. 2 the composite percentage pollen curve of mesophilous
temperate deciduous tree taxa is continuous at our East Carpathian
mid-mountain site (Lake St Anne, SZA) during the LPG, while the
low-altitude Fehér Lake (FT)and Nagymohos (NM) records show
only sporadic presence of mesophilous temperate deciduous trees
after 22 ka cal BP. At Lake St Anne we demonstrated the near-
continuous presence of Quercus, Ulmus, Corylus, Fagus, F. excelsior,
intermittent presence of C. betulus and sporadic presence of Tilia,
Acer and C. orientalis pollen even after 22 ka cal BP suggesting likely
regional persistence of Quercus, Ulmus, Corylus, Fagus, F. excelsior at
46� N in the CM during the LGM. Although long-distance pollen
transport and redeposition cannot be excluded in case of low pollen
abundances, similar low values (usually less than or around 1e2%)
are recorded in the Balkan sites during the LGM, with the exception
of Quercus and Corylus (e.g. Allen et al., 1999; Tzedakis et al., 2002;
Tzedakis, 2004; Panagiotopoulos et al., 2013). In the Balkans the
presence of the mesophilous temperate deciduous tree refugia is
also supported by high genetic diversity and area specific haplo-
types in the genetic records (Hewitt, 2000; Palmé and Vendramin,
2002; Petit et al., 2002; Heuertz et al., 2004; Magri et al., 2006).
Moreover, northerly glacial refugia have also been proposed for
Corylus avellana, F. sylvatica, F. excelsior and Fraxinus angustifolia (F.
excelsior type pollen) based on the results of phylogeographic
studies (Palmé and Vendramin, 2002; Magri et al., 2006, 2008;
Temunovi�c et al., 2012), which supports survival of these taxa
north of the Balkan Peninsula, in concert with our pollen data.
Although this question has to be studied thoroughly via systematic
mapping of the postglacial first detection and expansion times of
each mesophilous temperate deciduous tree pollen type in this
area, the available pollen and genetic data seem to support that
some species belonging to the genera Quercus, Ulmus, Corylus, Fagus
and Fraxinus survived the LPG including the LGM in the CM, but did
not contribute to the mainstream of postglacial mass expansions,
and thus have remained invisible or hardly detectable in the phy-
logeographic records. Some chloroplast and PCR-RFLP haplotype
maps indicate area-specific haplotypes in the CM that are either not
interpreted in the publications or interpreted as possible proofs of
eastern refuges without colonization from these sources (Palmé
and Vendramin, 2002; Heuertz et al., 2004; Magri et al., 2006).

In a recent review based on a comprehensive number of LPG
pollen and plant macrofossil records from Europe, Tzedakis et al.
(2013) concluded that mesophilous temperate deciduous trees
were absent north of 45� N during the LGM, i.e. these species
reached only the SW fringe of the Carpathians and the Pannonian
Basin, but not our study sites (Fig. 1). This inference is in apparent
contradiction with the evidence based on pollen data in this study.
One condition mentioned by Tzedakis et al. (2013) as convincing
evidence for LGM survival of mesophilous temperate deciduous
trees was the quasi-continuous pollen percentage curves through

the LPG followed by increases at the onset of the Lateglacial
interstadial. Although pollen data are not shown in this study for
the Lateglacial interstadial (FT and NM do not reach into this in-
terval), Lake St Anne (Magyari et al., 2014) and several other Late-
glacial pollen records from the CB and CM do indeed show
increases in mesophilous temperate deciduous tree pollen fre-
quencies (e.g. Ulmus, Quercus, Corylus, Tilia) at the onset of the
Lateglacial supporting the notion of general LPG presence in the
region.

LGM niche models that use the LMDZHR climate simulation
infer presence of several mesophilous temperate deciduous taxa in
the CB (e.g. T. cordata, U. laevis, U. glabra, Q. robur; Svenning et al.,
2008), in the southern foothills of the CM, but not in the CM.
These data first of all suggest that LGM climate alone was not
limiting mesophilous temperate deciduous tree growth in the CB.
Second, the simulation results are in apparent contradiction with
our pollen data that generally indicate higher pollen representation
of the mesophilous temperate deciduous tree taxa in the CM during
the LGM, while our pollen records suggest regional presence of
some mesophilous deciduous trees or shrubs (mainly Corylus) in
the lowland river valleys until 22 ka cal BP, but less likely after
22 ka cal BP. One plausible explanation of this mismatch is the
strong impact of low CO2 levels via evaporative water loss, which
was likely limiting mesophilous deciduous tree growth in the
lowlands that received around 360 mm of annual precipitation
against the more humid mid-mountains, where annual precipita-
tionwasw500mm (based on the LMDZHR and CCSM3 simulations,
Jost et al., 2005; Strandberg et al., 2011).

The fact that mesophilous deciduous tree pollen types were
more frequent in the topographically diverse East Carpathians than
in the lowland sites of the Carpathian Basin supports the original
idea of Bennett et al. (1991) that mid-altitude sites were better
suited in sustaining refugial temperate tree populations due to the
effect of orographic precipitation.

6. Conclusions

In this study we presented three LPG pollen records from the
Carpathian Basin and adjoining East Carpathian Mountains. We
compared the fossil pollen assemblages with surface pollen spectra
from the Altai-Sayan Mountains in southern Siberia using ordina-
tion and modern analogue techniques combined with ROC analysis
in order to characterize LPG vegetation composition and find the
best analogues of the LPG vegetation. The most important conclu-
sions can be summarized as follows:

1) Although we found several statistically significant analogues, a
large amount of non-analogue samples suggest that LPG vege-
tation and landscape is only marginally similar to modern
vegetation and landscape in southern Siberia. This non-
analogue situation has to be taken into account when Siberian
surface pollen data are used for quantitative climate recon-
struction, because non-analogue vegetation may lead to biases
in the inferred climate.

2) A comparison with Siberian pollen samples indicates that trees
are overrepresented in surface pollen samples of the steppe and
forest-steppe landscapes, and they are likely also over-
represented in the fossil pollen spectra from the Late
Pleniglacial.

3) LPG landscapes in the Carpathian Basin lowlands were likely
dominated by dry steppe that occurred outside the river flood-
plains, while wet and mesic grasslands occurred in the river
floodplains and other sites influenced by ground water. This
mosaic of different grassland types was potentially productive
enough to sustain a large herbivore fauna even during the LGM.
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Forest patches or scattered trees probably also occurred in the
Carpathian Basin in river valleys, on north-facing hillslopes, and
at moister sites of the loess plateaus. These forest stands were
dominated by boreal and cool temperate tree and shrub species
(Larix, P. sylvestris, P. mugo, P. cembra, P. abies, B. pendula/
pubescens, B. nana, Juniperus, H. rhamnoides, Populus, Salix and
Alnus).

4) The LGM climatic models for the Carpathian Basin do not
explain the absence of mesophilous temperate trees; proxy-
derived and modelled LGM climatic parameters are within the
climatic range of several mesophilous trees. Despite the po-
tential habitat suitability in the CB, the pollen records suggested
uninterrupted regional presence of mesophilous temperate
deciduous trees only in the Carpathian Mountains, where
persistence of Quercus, Ulmus, Corylus, Fagus, F. excelsior was
inferred throughout the LPG. However, these findings can only
be interpreted in terms of local survival if confirmed by plant
macrofossils dated to the LGM, which are still missing. None-
theless, most likely areas of mesophilous temperate deciduous
tree survival are expected in moist mesoclimate of mid-
elevation slopes in the Carpathians.

5) The character of the LGM landscape fundamentally differed
from the MIS 3 and Lateglacial landscapes. The most charac-
teristic features of the LGM ecosystems were the increasing
cover of grasses against other herbs.
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