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In this study, we compare two independent paleoenvironmental proxies for a loess sequence in northern Serbia,
in the southern Carpathian Basin: novel n-alkane biomarkers and traditional land snail assemblages. Both are
associated with other, more widely used proxy data for loess sections, such as environmental magnetism, grain
size, and geochemical indices. Together, these paleoenvironmental proxy records provide evidence for the
continued dominance of grasslands during the Late Pleistocene in the Southern Carpathian Basin. It is contrary to

other European loess provinces, which are characterized by high diversity of Late Pleistocene environments
(ranging from tundra-like to deciduous forest habitats). These findings highlight the southeastern part of
Carpathian Basin as an important, but still insufficiently investigated, biogeographical refugium, and biodi-
versity preservation zone. The reason for this is a mostly stable paleoclimate for much of the Late Pleistocene.

1. Introduction

The thick loess-paleosol sequences (LPSs) of the Vojvodina region
(Serbia) in the southeastern part of the Carpathian Basin contain de-
tailed records of Middle and Late Pleistocene climatic and environ-
mental conditions. Aeolian silt (loess) accumulation in Vojvodina began
in the late Early Pleistocene or earlier, providing a potentially long
record of environmental conditions (Markovi¢ et al., 2011). Due to high
aeolian sediment accumulation rates, the Late Pleistocene LPS preserve
an especially detailed and quasi-continuous record of climatic and en-
vironmental changes in this region (Markovi¢ et al., 2008; Fuchs et al.,
2008). The majority of previous investigations in southeastern part of
Carpathian Basin have been to focused on loess of the Srem and Titel

loess plateaus (Kosti¢ and Proti¢, 2000; Markovi¢ et al., 2005, 2006,
2009, 2012; Antoine et al., 2009; Bokhorst et al., 2009; Schmidt et al.,
2010; Ujvari et al., 2010; Murray et al., 2014; Bjelajac et al., 2016)
(Fig. 1). However, a more complete understanding of the environmental
dynamics across the entire basin necessitates the investigation of other
loess deposits between these more intensively studied areas.

Despite a long tradition of loess research on the Backa Loess Plateau
(BLP) (e.g. Halavats, 1895, 1897; Markovié-Marjanovié, 1964, 1966,
1967; Molnar and Krolopp, 1978) only a few recent studies report re-
sults from the plateau area, which lies between the parallel flows of the
Danube and Tisa rivers in northern Serbia and southern Hungary
(Stimegi and Krolopp, 2002; Markovi¢ et al., 2008; Bokhorst et al.,
2011; Siimegi et al.,, 2013). Recently, the Crvenka section on the
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Fig. 1. Study area. A) Geographic location of the Crvenka brickyard exposure and other relevant sites in the Vojvodinian loess area.
Legend: 1. Loess plateau; 2. sandy area; 3. mountain; 4. state border; 5. Crvenka site; 6. main loess sections.
B) Basic geomorphologic map of the study site. Inset: aerial photograph of the site. The investigated exposures are denoted by letters A and B on the photograph

(Stevens et al., 2011, modified).
Legend: 1. Alluvial fan; 2. gullies; 3. loess cliffs and slopes.

southern edge of BLP was recognized as a promising site for the re-
construction of Late Pleistocene climatic and environmental evolution
in the region (Zech et al., 2009, 2013; Stevens et al., 2011; Héggi et al.,
2014; Stimegi et al., 2016).

Our study takes advantage of this setting by utilizing several in-
dependent methods of characterizing the environmental history of this
region. We employed traditional approaches toward loess research
(magnetic properties, grain size distribution, and malacology) with a
more recently developed isotopic and biomarker approach. Our results
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confirm previously reported hypotheses of reduced Late Pleistocene
environmental fluctuations in the Middle Danube (Carpathian) Basin
(e.g. Markovic et al., 2006, 2015; Hatté et al., 2013), when compared to
those seen in other European loess provinces, and from other terrestrial
records (Rousseau, 2001; Rousseau et al., 2007; Wohlfarth et al., 2008;
Jary, 2011; Seelos et al., 2009; Sirocko et al., 2016). These studies point
to abrupt cooling intervals, potentially associated with large-scale ice-
berg-rafting events known as Heinrich events (Heinrich, 1988), as well
as with sudden shifts from cold to more mild climatic conditions
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potentially linked to Dansgaard/Oeschger cycles recorded in the North
Atlantic Ocean region (e.g. Bond et al., 1993; Dansgaard et al., 1993).
Thus, we propose that the southeastern part of the Carpathian Basin
may be regarded as an important but still insufficiently investigated
biogeographical refugium for biodiversity preservation, where the pa-
leoclimate may have been stable for much of the Late Pleistocene.

2. Material and methods

Our study site is focused on the Crvenka brickyard (45°39.75’ N,
19°28.77’ E), located on the southwestern edge of the BLP ~150 km
northwest of Belgrade, Serbia. Here, a ~11-m-thick loess exposure
provides a unique opportunity to investigate Late Pleistocene environ-
mental dynamics.

In this study, we investigated two subsections, Crvenka A and
Crvenka B, that are ca. 150 m apart, along the 500-m-long loess profile
of the active and inaccessible (due to mining activities) main Crvenka
brickyard. Due to the nearly horizontal position of the loess-paleosol
sequences, inter-profile correlations at the brickyard are straightfor-
ward (Fig. 1).

In 2007, investigations began at section A (Markovi¢ et al., 2008;
Zech et al., 2009, 2013; Stevens et al., 2011). The section was carefully
cleaned, described, and sampled for grain size distribution at 5 cm in-
tervals (Stevens et al., 2011), and samples were taken for malacological
and n-alkane biomarkers and C and N isotope analyses every 25 cm.
Details of sample preparation and laboratory measurements related to
geochemical and n-alkane biomarker analyses are described in previous
studies of Zech et al. (2009, 2013), and here are briefly presented in
Supplementary material. This section has subsequently been partly
disturbed during raw material exploitation. Thus, we pursued an ad-
ditional investigation at Section B in 2009, where samples were taken at
~25cm intervals for rock magnetic measurements, grain size, total
organic carbon (TOC), §'3C, 8'°N, and n-alkane biomarkers (Zech et al.,
2013; Héggi et al., 2014).
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Low field magnetic susceptibility (x) was measured at Section A at
5-cm intervals in the field, using a portable Bartington MS2 suscept-
ibility meter. At each interval, ten independent readings were taken and
averaged (Stevens et al., 2011). The x and other rock magnetic indices
were measured at the University of Bayreuth on a MAGNON Suscept-
ibility Bridge (MAGNON, Dassel, Germany) at AC-fields of 300 A/m at
300 Hz (Zech et al., 2013).

Grain-size analyses were determined using different methodological
approaches. The main fractions at section A were assessed using com-
bined sieving and pipette methods (Stevens et al., 2011). Analyses at
section B were performed on a Malvern Mastersizer S, after the dis-
solution of carbonates with 10% HCl, and the addition of Na-pyr-
ophosphate as a dispersant (Zech et al., 2013). These results can be
compared, following the relationship of Konert and Vandenberghe
(1997).

Detailed malacological results for section A have been published by
Siimegi et al. (2016). In their paper, they presented their sampling
procedures, as per the determination of mollusk taxa, as well as their
ecological interpretation and paleotemperature reconstruction ap-
proaches (Molnar and Siimegi, 1990; Stimegi and Krolopp, 2002;
Markovi¢ et al., 2007; Molnér et al., 2010).

Finally, in order to develop a broad independent chronology for
Crvenka, we utilized previously published luminescence and radio-
carbon dating results. Twelve samples were taken at section A for op-
tically stimulated luminescence (OSL) and elevated temperature post-
infrared stimulated (post-IRSL at 290 °C) luminescence dating (Stevens
et al., 2011) (Fig. 2). Four selected samples were taken at section B for
compound-specific radiocarbon dating on leaf waxes. Analyses were
done on the MICADAS (mini carbon dating system) at ETH Zurich
(Haggi et al., 2014). Together, these data give Crvenka the most de-
tailed Late Pleistocene independently dated chronology for any site in
the southern Carpathian Basin.
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Fig. 2. Lithology of the Crvenka brickyard sections A and B, as related to general stratigraphic interpretations. Sections A and B are located 150 m apart. Locations of
samples recovered for luminescence (Stevens et al., 2011) and radiocarbon dating (Haggi et al., 2014) are indicated by the arrows. Magnetic susceptibility data have
been normalized to the maximal value. Interprofile correlations are indicated with dashed lines. The gray line represents the modern soil surface.
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3. Results
3.1. Chronology

The Crvenka section, with its 12 quartz OSL, seven polymineral
post-IR IRSL at 290 °C (Stevens et al., 2011) and four 14¢C n-alkane ca-
librated dates (Haggi et al., 2014), might be the most reliably dated,
Late Pleistocene chronology in the Carpathian Basin. These in-
dependent radiometric age control approaches are also in good agree-
ment with each other, as well as with their expected geological
chronology. Gradual age increases with depth indicate quasi-con-
tinuous sedimentation rates, at least on multi-millennial scales. Accu-
mulation rates were highest during the latter part of the last glacial, for
the loess sub-unit L1LL1, between 2.0 m and 4.5 m depth from the to-
pographic surface. Slightly lower accumulation rates occur in the
weakly developed pedocomplex L1SS1 (Stevens et al., 2011).

Variations in loess deposition rates on millennial timescales do not
always match shifts in grain-size, suggestive of diverse and complex
influences, including changes in the dominant circulation patterns and
dynamics of the Danubean hydrological regime, which are at least
partially controlled by size and stability of the Alpine ice sheet and
vegetation cover. Here we use the recommended combined OSL and pIR
IRSL ages, as reported by Stevens et al. (2011), and the AMS ages from
Haggi et al. (2014) to constrain the broad chronology of the strati-
graphic units preserved in the section.

The luminescence chronology of Crvenka loess-paleosol presented
by Stevens et al. (2011) was based both on widely used quartz SAR
approaches and on the at that time novel post-IR IRSL technique de-
veloped by Thiel et al. (2011). The post-IR IRSL results presented by
Stevens et al. (2011) yielded ages that apparently slightly under-
estimated the proposed stratigraphic age. At publication, the cause of
this is unclear, but the match with quartz ages to ca. 60 ka does not
necessarily reflect the pIR age accuracy as quartz OSL ages are widely
shown to underestimate true ages after ca. 50 ka. Thus, although it is
possible that the pIR IRSL dates may indicate the soil being early MIS 3
in age, this would result in a chronostratigraphy below this that would
be inconsistent with current evidence for cooler, drier glacials and
warmer, wetter interglacials/interstadials (as pointed out by the re-
viewer, it would require thick loess “cold” sediments to be deposited
during MIS 5 (after MIS 5e)). We do not completely discard this pos-
sibility, but we suggest that it is more likely the pIR ages are under-
estimating the true depositional age, which is consistent with their
match with older quartz ages. We therefore propose that the quartz OSL
dating results demonstrate that an accurate independent age model can
be applied merely for the last 50 kyr to 60 kyr (Stevens et al., 2011).
According to these luminescence chronological interpretations asso-
ciated with a few additional radiocarbon ages presented by Héggi et al.
(2014) it is still not possible to provide an accurate age model for
Crvenka loess-paleosol sequence beyond the last ca. 50 kyr with the
existing age dataset.

3.2. Litho- and pedo-stratigraphy

Most previous stratigraphic studies of loess sections at various ex-
posures in northern Serbian have used lithological, x and pedogenic
data, along with variations in amino acid racemization geochronology,
all combined with luminescence dating, as the primary basis for cor-
relation. The end result has been the establishment of a chronostrati-
graphy for the various loess-paleosol units in Vojvodinia, a province of
Serbia and part of the Carpathian Basin. The nomenclature for this
chronostratigraphy follows the Chinese loess stratigraphic system, with
one exception - we used the prefix “V-” to refer to the standard
Pleistocene loess-paleosol stratigraphy in Vojvodina (Markovi¢ et al.,
2008). Recently, a Danubian loess stratigraphic model (Markovi¢ et al.,
2015) has been developed to correlate the loess-paleosol units of the
Danube Basin with the Chinese stratotype sections of Louchuan and
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Xiefeng. Nonetheless, in our paper the use of the Chinese “L” and “S”
labels are applied similarly (e.g. Kukla, 1987; Kukla and An, 1989)
without using any regional prefix.

Fig. 2 is a diagram of the LPS, indicating its plateau-like surface,
characterized by gentle differences in relative depth and thickness of
loess and paleosol units exposed in the A and B profiles. The only
stratigraphic discrepancy is the appearance of the layer deposited in a
local ephemeral water body in the loess unit L1L2 at profile A. This
layer is not visible in profile B.

According to the current chronostratigraphic model for Serbian
loess (Markovi¢ et al., 2015) and using the high-resolution lumines-
cence dating of the Crvenka profile performed by Stevens et al. (2011).
The modern soil (SO) is developed during the Holocene on the top of the
composite last glacial loess unit L1, corresponding to marine isotope
stage (MIS) 4 through 2. The youngest loess layer (L1LL1) accumulated
during the Late Pleniglacial period. The Middle Pleniglacial pedocom-
plex is represented in the area by a weakly developed soil complex
(L1SS1). The lower loess sub-horizon (L1LL2) accumulated above the
S1 paleosol. The pedocomplex S1 correlates with MIS 5. Finally, the
uppermost part of the penultimate glacial loess (L2) accumulated
during the latest part of MIS 6 (Stevens et al., 2011).

The Holocene soil cover on the loess plateau surface, in the area
surrounding the Crvenka brickyard, is a typical Chernozem. At the top
of the investigated section, the soil profile is 80-cm-thick, with a Ck
horizon that contains many CaCO3; nodules (1-5 cm in diameter) and
numerous krotovinas and root channels filled with humic material. The
transitional AC horizon (10YR 5/1-3/3) is 25-cm-thick, porous, and has
a silt loam texture and a granular structure. The silt loam Ah horizon
(10YR 6/3-4/4) is 40cm to 60 cm thick and has granular structure,
along with some carbonate pseudomycelia.

The last glacial loess unit (L1) is 800-675-cm-thick, depending on
its location on the paleosurface. The lower loess unit (L1LL2) is a light
yellow to gray (5Y 7/3 5/3), coarse and porous loess layer; the super-
imposed weakly developed pedocomplex L1SS1 is intensively biotur-
bated and contains three weakly developed humic horizons. The up-
permost loess layer (L1LL1) is porous and in some parts, heavily
bioturbated. In the upper half of this unit, two weak paleosols are de-
veloped, each with granular, porous structural aggregates. These initial
pedogenetic layers suggest development during more humid environ-
mental conditions. Many spherical, soft, carbonate nodules and humic
infiltrations in old root channels are found at the contact with the
Holocene soil (SO) above (Stevens et al., 2011).

The reddish-brown pedocomplex (S1), which is 210 to 245-cm-
thick, is comprised of three pedomembers: a brown horizon (Phaeozem
type) at the base, represented by a fossil AB horizon, and two weakly
developed fossil A horizons (Chernozem type) that form the middle and
upper part of the pedocomplex. The lower, transitional AB horizon
(10YR 5/2-3) is darker than the Ah horizon (10YR 6/2-4) above, which
contains some preserved carbonate pseudomycelia. The uppermost A
horizon is relatively weakly developed and characterized by abundant
krotovinas (Stevens et al., 2011).

The basal pale yellow-colored (5Y 7/3, 5/4), homogeneous, cal-
careous loess unit (L2), which is exposed only in the lowest 100 cm to
130 cm of the profile, overlies basal stratified gray sands. The contact
between the penultimate loess layer (L2) and the S1 paleosol above is
characterized by carbonate concretions (1-4 cm dia.) and numerous
humic infiltrations associated with root channels (Stevens et al., 2011).

3.3. Low-field magnetic susceptibility ()

Ever since Heller and Liu (1984) promoted 7 variation as a sensitive
paleoclimatic proxy, and one that is easily captured due to the rela-
tively simple measuring procedure (in the field, as well as in labora-
tory), it has become the most commonly measured loess stratigraphic
tool and climate proxy worldwide (e.g. Heller and Evans, 1995). Var-
iations in  values in the LPS are generally related to the abundance of
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magnetic minerals, primary magnetite as a rock-forming mineral, and
maghemite as a product of pedogenic processes (Singer and Verosub,
2007). In this study, we developed a detailed ¢ record measured in the
field at every 5cm for section A, along with a less detailed (sampling
interval 25cm)  record from laboratory measurements at section B.
The strong accordance of x variations with pedostratigraphy suggests
that the data represent magnetic enhancement via pedogenesis (e.g.
Heller and Liu, 1984; Liu et al., 2013). Despite differences in resolution,
 variations for profiles A and B show a remarkably similar pattern and
are similar to those previously observed in loess-paleosol sequences
within the vast semi-arid Eurasian loess belt (e.g. Heller and Evans,
1995; Evans and Heller, 2001; Buggle et al., 2008, 2009; Markovié¢
et al., 2014a, 2014b), allowing for stratigraphic correlations across a
wide area (Markovi¢ et al., 2015).

The two major pedocomplexes, S1 and SO (> 60 X 10”8 m®kg™")
have significantly higher  values than the loess unit between them
(L1) ((23-60) x 10~ 8m>kg~1). The  values observed in the penulti-
mate glacial loess (L2) are similar to those in loess unit L1. However,
the pedological horizons of the pedocomplex L1SS1 have only slightly
higher ¢ values than did the loess units L1LL2 and L1LL1.

3.4. Grain-size distributions

Variations in grain-size distribution at the Crvenka site correlate
well with pedostratigraphy. Generally, pedogenic horizons have a lower
proportion of coarse material than do loess layers, not only here but
across the main Eurasian loess belt as well (Vandenberghe, 2013;
Vandenberghe et al., 2014; Obreht et al., 2016, 2017).

Fig. 3 displays clay contents with depth, for Crvenka sections A and
B. As the laser particle analysis method underestimates the clay fraction
compared to the pipette analysis (Miller and Schaetzl, 2012), we as-
sumed that the < 6 um fraction, as measured by the laser, is the best
correlative to the “pipette clay fraction” as suggested by Konert and
Vandenberghe (1997). In spite of the different resolutions and inter-
pretations of the analyses, sections A (Markovic¢ et al., 2008; Stevens
et al.,, 2011) and B generally demonstrate similar patterns of particle
size distribution. Clay content variations are also similar to the pre-
viously presented magnetic susceptibility records, with values as low as
15-21% in the loess unit L2 and 11-22% in the loess unit L1, and values

Grain size <2 (um) Grain size < 6 (um)

Depth (m) 1|0 ) 2]0 ‘?’.0 ) 1.0 2‘0 30
b
1 =
9|
o
oL .
5
il
7
-
o
10
o B section
A section

Fig. 3. Comparisons between clay contents at sections A (< 2um) and B
(< 6 um) (Zech et al., 2013). Lithology and chronology are same as in Fig. 2.
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as high as 24-35% in the soils (S1 and S0). Clay contents were between
15% and 25% in the interstadial pedocomplex L1SS1 (Stevens et al.,
2011; Zech et al., 2013) (Fig. 3). Due to mentioned differences in the
applied methodological techniques, direct comparison of other grain
size fractions at Crvenka A and B sections is problematic. However,
observed changes in grain size variations demonstrate the complexity of
the climate signal at the study site. Additionally, identified grain size
dynamics also indicate multiple influences of complicated and un-
certain effect of changes in sediment availability signifying the im-
portance of local vegetation cover conditions and proximity to likely
fluvial sources (Stevens et al., 2011).

3.5. TOC, carbon and nitrogen stable isotope, and n-alkane biomarker
characteristics

Similar to other European loess sequences (Antoine et al., 2001,
2013), variations in TOC values measured at Crvenka B loess section
show patterns similar to those presented for yx and clay data. TOC
contents in the Crvenka profile commonly exceed 0.5%, with maximum
values > 1% in the interglacial pedocomplexes (SO and S1), whereas
they barely reach 0.3% in the weakly developed Middle Pleniglacial
pedocomplex L1SS1. Loess units contain only ~0.2% TOC (Fig. 4) (Zech
et al., 2013).

8'3C values of organic matter for the Crvenka LPSs vary between
approximately from —23%o to —25%o, with the more negative values
(—25%0) occurring in the pedocomplex S1 and the less negative values
(~—23%o) in the upper part of L1LL1 and the middle part of L1LL2
loess layers. 8§'°N values of the organic material show an interesting
pattern that generally matches the alternations in the LPS stratigraphy,
with high values in the interglacial pedocomplex (S1) and in the weakly
developed interstadial pedocomplex L1SS1 (Fig. 4). Comparative data
are seldom available for LPSs elsewhere, although similar 8'°N patterns
were described for the Tokaj LPS in northern Hungary (Schatz et al.,
2011) and the Belotinac LPS in southern Serbia (Obreht et al., 2014).

The alkane analyses of fossil organic matter in the samples collected
during the first field campaign at Crvenka section A revealed the pre-
sence of long-chain n-alkanes with a pronounced odd-over-even pre-
dominance (OEP), suggesting a leafwax origin (Zech et al., 2009). OEP
values in the paleosol units are lower than in the loess units, and
document-enhanced degradation. This pattern is in agreement with
their lower alkane concentrations. Note that normalization of the n-
alkane concentrations to TOC would further amplify the loess versus
paleosol differences. The correlation of the OEP index with the n-alkane
ratio C3; to C,; indicates that degradation might confound the

TOC (%) 8Ny (%) C31/C27 Grass (%)
Depth (m) 0 05 115 2 4 6 80246 60 80100
0 1 1 1 1 1 i 1 | 1 | 1 1 .I
1- \as
o |
3
4|
. -
1
6
7,
8,
10+
] Beection  =rrr, 5389
8C,, (%) OEP

Fig. 4. Comparisons between TOC (%), 8'C (%o), 8'°N (%o), and biomarker n-
alkane records at section B (Zech et al., 2013). Lithology and chronology are the
same as at Fig. 2.
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interpretation of alkane ratios in terms of the dominant origin from
grasses and herbs (C3; and Cs3) versus trees and shrubs (C,; and Cag)
(Zech et al., 2013). In an attempt to take degradation effects into ac-
count, Zech et al. (2009) have suggested corrections using end-member
modeling. These ‘degradation lines’ (in OEP-alkane ratio diagrams) are
based on comparison with modern plant samples and soils collected
under grass and tree vegetation. Corrected ratios expressed as % of
grass in Fig. 4 for both profiles, consistently show that trees do not
contribute significantly to the n-alkanes extracted from the MIS 5 and
MIS 3 paleosols, whereas during MIS 4, MIS 2, and MIS 1, grasses and
herbs were likely not the only, but still clearly dominant sources for the
n-alkanes. Of course, grass and tree percentages should be regarded as
semiquantitative estimates only, and grass percentages > 100% illus-
trate the uncertainties and limitations of the end-member modeling
approach.

The recent awareness that n-alkane concentrations in and under
coniferous trees are generally low (Zech et al., 2012) cautions that only
estimates of grassland herbs versus deciduous trees and shrubs can be
made using this approach. Taking this into account, modified end-
member calculations of Zech et al. (2009) are presented here. These
modifications result in minor changes in the end-member modeling
results, as compared to Zech et al. (2009), but do not affect the general
shown in Fig. 4, i.e., trees and shrubs probably contributed somewhat
to the preserved n-alkanes from MIS 6, MIS 4, MIS 2, and MIS 1, but
very likely not during MIS 5 and MIS 3. In all units, n-alkanes of likely
grass or herbal origin (Cs;, C33) clearly dominated.
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3.6. Malacology

Shells of 9185 land snails (ca. 6500 whole shells and 2700 broken
fragments), representing 38 species (four aquatic and 34 terrestrial
species), were recovered from 35 samples taken from the Crvenka
section (Siimegi et al., 2016). Our malacological data suggest that there
are eight mollusk zones in the section (Siimegi et al., 2016). The first
and uppermost zone can be placed into the penultimate glacial (L2)
loess horizon; it is characterized by the presence of Succinea oblonga,
which prefers cold climatic conditions, and the dominance of Pupilla
sterri, the eurytopic gastropod Pupilla muscorum, Vallonia costata and
Pupilla triplicate, which all favor a mild climate. Based on the calculated
dominance values for the individual paleoecological groups, this zone
was likely characterized by cold-resistant, mesophilous, Holarctic,
Eurosiberian, Central European mountain and xerothermophilous
Central and Southeastern European mollusk species (Fig. 5A, B, and C),
which reside in relatively cool steppe or forest steppe environments
(with mean July temperatures of ca. 15°C by the malacothermometer
method: Siimegi, 1989, 2005). Thus, our data suggest that July paleo-
temperatures were 6-7 °C lower during the latest phase of MIS 6 than
are temperatures today (Figs. 5, 6, and 7; Stimegi et al., 2016).

A second malacological zone was identified between 9.0 and 7.7 m
depth (Fig. 5D). It is characterized by the dominance of the warmth-
loving and mild climate-preferring (xerophilous and mesophilous), and
open-vegetation preferring Cochlicopa lubricella, Truncatellina cylindrica,
Granaria frumentum, Vertigo pygmaea, Pupilla muscorum, Pupilla triplicata
species The forest-steppe environment preferring species Vallonia
costata is also significantly abundant here. According to the mala-
cothermometer, the July paleotemperature at this time was between
18°C and 20 °C, which compares to modern July temperatures of ap-
proximately 21°C (Hrnjak et al., 2014). Decreases in cold-resistant
species also occur in this zone, accompanied by an increase in mild and
xerophilous steppe and forest steppe forms. Shade-loving and hygro-
philous species are absent from the malacofauna of this second zone
(Siimegi et al., 2016).

The third malacological zone is developed between 7.7 and 7.2m
depth (Fig. 5D). It represents a considerable change, when compared to
the earlier zones. This zone is characterized by the disappearance of
Truncatellina cylindrica and Vertigo pygmaea, and the decreasing
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Fig. 5. Dominance relations of mollusk groups, and how they may be related to different ecological preferences: A) temperature, B) humidity, C) vegetation type after Siimegi and Krolopp (2002), and D) Mollusk zones,

and Malacological Paleo-associations for the Crvenka A profile (Siimegi et al., 2016). Lithology is the same as at Fig. 2.
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abundances of Granaria frumentum and Chondrula tridens. Vallonia
costata (Holarctic spreading, forest steppe preferring) and Pupilla tri-
plicata (preferring steppic environment) dominate in this zone (Siimegi
et al., 2016).

The fourth malacological zone is found between 7.2 and 6.2 m depth
(Fig. 5D). As compared to the third malacological zone, no changes in
the qualitative composition of the malacofauna occur in this zone.
Nonetheless, the species dominance changes dynamically. Especially
notable is the dominance of the warm-loving, xerophilous and open
habitat preferring Helicopsis striata (20-46%). The species Vallonia
costata and Chondrula tridens also gain greater importance, whereas
there is a drop in the dominance of Pupilla triplicate species. Based on
the calculated dominance values of the individual paleoecological
groups, this zone was characterized by mesophilous, xerophilous, mild
climate preferring Holarctic, Central and Southeastern European mol-
lusk species that reside in mild steppe or forest steppe environments.
These suggest that July paleotemperatures were between 17 °C and
18°C, i.e., only 3-5 °C lower than today (Siimegi et al., 2016).

The next lower (fifth) malacological zone is located between 6.0 and
5.0 m (Fig. 5D), where the peak of Holarctic mesophilous forest steppe
preferring Vallonia costata (47-64%) and warmth-loving, xerophilous
and open habitat preferring Chondrula tridens (5-6%). July paleo-
temperatures for this period were about 18°C, based on the mala-
cothermometer method (Siimegi et al., 2016).

The sixth malacological zone is located between 5.0m and 3.0m
depth. The distinguishing feature of this horizon is a drastic decrease in
the number of Vallonia costata, accompanied by a considerable increase
in the dry, open vegetation habitat preferring Pupilla triplicate (58-93%)
fauna. The latter tend to populate carbonate-rich, open vegetation on
the mountain and hilly regions in Central Europe. The general com-
position of the fauna and the presence of such species as Granaria fru-
mentum, Vertigo pygmaea, Helicopsis striata in this zone suggest less grass
cover at this time (Fig. 5D), for large parts of the surface, as compared
to the previous zone below (Siimegi et al., 2016).

The fauna changed significantly between 3.0m and 2.5m, in the
seventh malacozone (Fig. 5D). The ratio of thermophilous species de-
creased significantly. However, a few specimens of Cochlicopa lubricella,
Granaria frumentum, Pupilla triplicata, Chondrula tridens and Helicopsis
striata remain present in this zone. This faunal change indicates a
transition from a mild-dry to a cold-wet environment (Siimegi et al.,
2016).

Rather important changes are also observed in the sixth zone
(2.50-0.85m) (Fig. 5D). Cold-loving and cold-resistant forms (Co-
lumella columella, Columella edentula) are dominant here. Despite the
significant increase of species requiring greater vegetation cover, the
most important paleoenvironmental indicator species of this group
(e.g. Clausilia pumila, Clausilia dubia, Cochlodina laminata, Vitrea
crystallina, Aegopinella ressmanni, Arianta arbustorum, Orcula dolium,
Bradybaena fruticum, Discus ruderatus, Semilimax semilimax, Punctum
pygmaeum) occurred in this zone. Shade-loving and intense vegeta-
tion cover-preferring mollusks comprised of 50-70% of the total
molluskan assemblage of this zone. The most important change in
this horizon is the decrease in the proportion of warmth-loving
steppe environment preferring species such as Granaria frumentum,
Pupilla triplicate, Chondrula tridens, Helicopsis striata and mesophilous
Vallonia costata, accompanied by a considerable increase in the
number of hygrophilous, cold-resistant, open vegetation habitat
preferring European fauna, such as Trichia hispida and Trichia strio-
lata. These data suggest that July paleotemperatures were between
13 and 14 °C during this phase, which is 7-9 °C lower than today
(Fig. 5). The highest diversity of the mollusk fauna is also found in
this horizon (Siimegi et al., 2016). Additionally, this malacozone is
associated with the highest number of mollusk shells per unit volume
of sample, indicating a denser vegetation cover. This fact coincides
with surprisingly fine grain size composition, recorded in the up-
permost part of L1LL1 loess sub-unit (Markovi¢ et al., 2008).
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4. Discussion

Extant knowledge of paleovegetation dynamics during the Late
Pleistocene on loess plateaus in the Carpathian Basin is still scarce. Our
knowledge is mostly based on mollusk shells and plant macrofossils in
loess deposits (Rudner and Siimegi, 2001; Stimegi and Krolopp, 1995,
2002; Feurdean et al., 2014). To fill this data gap, we have combined
results from traditional malacological studies with novel n-alkanes
biomarker analysis to establish a more accurate paleovegetation re-
construction for the region.

This study has made the Crvenka section the most intensively in-
vestigated Late Pleistocene loess site in the southeastern Carpathian
Basin. Classic paleoclimatic and environmental proxies at Crvenka,
such as 7, grain size, and geochemical indices, show similar patterns to
other investigated loess sites in the Vojvodina region (Markovic et al.,
2005, 2008, 2014a, 2014b; Bokhorst et al., 2009; Buggle et al., 2011,
2013; Antoine et al., 2013; Hatté et al., 2013; Gavrilov et al., in press).
This correlation indicates that the Crvenka site can be regarded typical
for the region, and thus, the new paleoenvironmental proxies we pre-
sent may be considered as representative for the entire southern Car-
pathian basin, for which knowledge of paleovegetation is still poor.

4.1. Evaluation of existing Crvenka loess-paleosol sequence chronology

Age control is central to the interpretation of loess climate proxies.
The choice of method for age-dating is critical as on sub-orbital time-
scales non-independent/non-radiometric dating methods such as or-
bital tuning can be inaccurate and fail to capture the extent of varia-
tions in loess accumulation (Stevens et al., 2007). Luminescence dating
methods have been of critical importance in the development of loess
chronologies and, in turn, the development and testing of luminescence
dating protocols themselves (Roberts, 2008). The key advantages of
luminescence over other methods are that the technique directly dates
deposition, utilises abundant clastic material such as quartz, and po-
tentially can be used to date back over into the middle Pleistocene
(Roberts, 2008; Buylaert et al., 2012; Murray et al., 2014; Markovié
et al., 2015).

In spite of the evidence that the luminescence ages for the loess
subunit L1LL2 at Crvenka A section (Stevens et al., 2011) correspond
more with late MIS 3 than with the expected geological age related to
MIS 4 (e.g. Markovic et al., 2008, 2015) we would still argue that the
L1LL2 loess horizon is most likely formed during the MIS 4. Fuchs et al.,
(2008) dated the same stratigraphic subunit L1LL2 at Surduk section
with ages ranging from approximately 52.4 + 6ka to 82.6 = 9.6ka
indicating that the loess formation continued even to MIS 5a. Detailed
correlation between stratigraphies of Surduk and Crvenka sections in-
dicated a high level of similarities. These chronological interpretations
were recently confirmed by high-resolution OSL dating of the Veliki
Surduk core at Titel loess plateau by Peric et al. (in press). Bokhorst
et al. (2009) also provided OSL ages older than 60ka for the loess
subunit L1LL2 at Titel old brickyard section. Independent evidence of
malacological assemblages observed in L1LL2 subunit that were ana-
lyzed on all sites in Northern Serbia always indicated significantly drier
environmental conditions than in L1LL1 and L1SS1 subunits (e.g.
Markovic et al., 2008). After a careful cleaning of exposures and during
detailed profiles description as well as during correlation of loess
stratigraphy at the long loess exposures in Crvenka brickyard we did
not observe any erosion features. Discreet feature indicated by 8 in
Legend of Fig. 2 is just an indication of a small temporal water body
characterized by limited volume. Thus, the presence of a significant
erosional hiatus at least on a multi-millennial level is hardly possible at
the investigated section. Additionally, previous results of AAR relative
geochronology provides independent support to the statement that the
last glacial loess unit L1LI2 is mostly chronological equivalent to MIS 4
(Markovié¢ et al., 2004, 2005, 2006, 2007, 2008, 2015). Same studies
about AAR relative geochronology also support the statement that the
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pedocomplex S1 was developed during the MIS 5. Younger than ex-
pected ages for the upper part of loess unit L2 presented by Stevens
et al. (2011) at Crvenka A section as well as Fuchs et al. (2008) at
Surduk might also be the result of significant bioturbation features (root
channels, krotovinas and secondary carbonates) below the overlying
pedocomplex S1 and partly by the possible limitations of the dating
technique (e.g. Murray et al., 2014). For the establishment of a valid
loess chronology of Crvenka loess-paleosol sequence we need a high
resolution dating of this section using different protocols and lumi-
nescence dating techniques. Until then, we will use this generalized
chronostratigraphy for the Crvenka loess-paleosol sequence valid for
broad correlations with equivalent European loess records.

4.2. Paleovegetation reconstruction based on the mollusk fauna

Only two relatively cold climatic phases can be observed from the
Crvenka mollusk fauna data, over the last ca. 150 kyr. Both of these cold
periods appeared in the latest phases of the formation of the penulti-
mate glacial and the last glacial loess units, L2 and L1 respectively.
These units were deposited just before the development of the last in-
terglacial and modern soils, S1 and SO. The older of these stadial
phases, L2 (Stevens et al., 2011), is characterized by the appearance of
Succinea oblonga and domination of Pupilla sterri steppe elements
(Stimegi et al., 2016). On top of this loess layer lies the youngest Middle
Pleistocene loess layer, within which is developed a strong pedocom-
plex (S1) formed during the last interglacial and Early Pleniglacial
phases. No land-snail shells were found in the lower and middle parts of
paleosol S1, likely due to poor preservation and leaching of primary
carbonates in the soil.

Environmental reconstruction of the third malacological zone
suggests that the loess here was deposited under relatively similar
conditions to the Holocene. Faunal composition in this zone is similar
to recent loess and sand steppe malacofauna in the southern and
southeastern part of the Great Hungarian Plain, where only Pupilla

G %
Depth (m) rass (%)

Grass (%)
0 20 40 60 80 100

Palaeogeography, Palaeoclimatology, Palaeoecology 509 (2018) 33-46

triplicate species are missing in the current faunal suite (Siimegi,
2005). Among these, the xeromesophilous, carbonate preferring Pu-
pilla triplicata species were present at several locations on the Hun-
garian Great Plain at the beginning of the Holocene (Siimegi, 1989,
2005), but shortly thereafter, its range was reduced to carbonate-rich,
open vegetation habitats at higher altitudes. These data suggest that
Pupilla triplicate lived in the Crvenka region until the 3rd millennium
B.C. (Siimegi and Szildgyi, 2010, 2011). Therefore the malacofauna
from the S1 interglacial soil and early L1 loess layers are similar to the
Early Holocene mild temperate steppe-forest steppe malacofauna on
the Great Hungarian Plain.

The next loess layer, L1LL2 (7.0-5.5 m depth), was deposited on a
typically dry and mild loess steppe-forest steppe environment where
short grassland covered about 50% of the surface. The malacofauna
composition of this layer suggests that the lower summer temperatures
were accompanied by higher humidities and vegetation densities. In the
upper part of LI1LL2, environmental conditions then noticeably
changed. This Vallonia costata - Chodrula tridens zone developed in a
typical mild forest steppe environment throughout the region, as hu-
midity and vegetation cover increased. This change may reflect refor-
estation, associated with higher atmospheric moisture conditions. This
loess layer formed on a typically mild, loess forest steppe environment,
where short grassland covered < 40% of the surface (Fig. 5). The L1S§S1
interstadial paleosol and the lower part of the L1LL1 soil both formed in
a typically dry and warm steppe environment where short grassland
covered > 60% of the surface (Siimegi et al., 2016).

Although the dominance of molluskan species changed after the
terminal phase of the last interglacial cycle, the composition of malaco-
fauna did not change in the early phase of this glacial cycle. In the Crvenka
region, a temperate steppe to forest-steppe environment survived during
the Early and Middle Pleniglacial, under a mild and dry climate phase.
Notably, there was no imprint of permafrost at this time, based on stra-
tigraphic evidence and the composition of the mollusk fauna during Early
and Middle Pleniglacial phases in the region (Siimegi et al., 2016).

Fig. 6. Comparison between mollusk as-
semblages related to the grassland, mosaic
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During the Late Pleniglacial phase, the composition of malacofauna
changed dramatically; cold-resistant, cryophilous and shade-loving
species became abundant in the Crvenka profile. All these changes seem
to point to the emergence of a colder climatic period, which is likely
coeval with the dominance peak of the Boreo-Alpine Columella colu-
mella observed during Late Pleniglacial phase in the southern part of the
Great Hungarian Plain (Siimegi and Krolopp, 2002; Siimegi, 2005;
Hapuczi and Siimegi, 2010). As the July paleotemperature at this time
was reconstructed to be 7-9 °C lower than today, the dominant peak of
the shade-loving mollusk suggests that the lower summer temperatures
also coincided with higher humidities and vegetation densities (Figs. 6
and 7).

The composition of the mollusk fauna indicates that a mosaic-like
environment developed during the Late Pleniglacial dust accumulation
phase. This environment was characterized by tundra-like conditions,
with the Boreo-Alpine and mesophilous steppe-forest steppe environ-
ment preferring Holarctic taxa, and shade-loving Central European,
European, and Alpine mountain elements coexisting. This mosaic-like
vegetation cover must have been favorable for the expansion of both
woodland and open vegetation habitat-preferring elements of mollusks
as well. The composition of the fauna refers to mosaic-like forest-
steppe-open grassland vegetation within tundra-like openings, and a
cool but humid climate prevailing during this dust accumulation
period. High humidities during this cool phase were favorable for many
types of mollusk fauna, leading to high mollusk densities.

4.3. Comparison between environmental reconstructions based on classic
malacological analyses and novel n-alkanes biomarkers

In this study, mollusk-based paleoenvironmental reconstructions
provide the first direct and independent evidence to support the

Alkanes (mg/g)
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previously presented findings from n-alkane biomarkers. Thus, by ex-
tension, these reconstructions confirm the validity of n-alkane based
vegetation reconstruction from loess sites.

The total concentration of long-chain n-alkanes (ug/g dry weight) in
the sediments at Crvenka generally correlate with an abundance of
warm loving snails and warmer climatic conditions, as indicated by the
mean July malacothermometer temperature (Fig. 7). The high con-
centrations could either reflect higher n-alkane input from vegetation or
better n-alkane preservation in the soil/sediment. However, as OEP
variations are only slight, pronounced preservation-degradation effects
can likely be excluded (Fig. 4). Peaks of n-alkane concentrations also
coincide with total molluskan abundance, indicating potentially higher
ecosystem productivity during these intervals.

The n-alkane biomarker records from Crvenka (Fig. 7) had pre-
viously been discussed regarding their implications for paleovegetation
by Zech et al. (2009, 2013). Zech et al. (2009) challenged the standard
paradigm of a treeless glacial environment in the southeastern Car-
pathian Basin at this time. So far, this finding has only been supported
by wood charcoal data from the Hungarian part of the Carpathian Basin
(Willis et al., 2000). To date, no charcoal data have been reported for
the Vojvodina region. Based on the n-alkane patterns (C3; dominance),
Zech et al. (2013) postulated the continuous predominance of grassland
ecosystems at Crvenka during the Late Pleistocene, for loess layers
L1LL2 (MIS 4) and L1LL1 (MIS 2). However, based on n-alkane data
that indicated an increase in arboreal abundance in the paleoflora in
L1LL2 (MIS 4) and L1LL1 (MIS 2).

With regard to these biomarker findings, Zech et al. (2013) ques-
tioned whether periods of loess formation periods might have been
more humid than periods of soil (paleosols) formation. Although
commonly used proxies, such as , grain size and TOC, illustrate ped-
ogenesis intensity and are therefore directly influenced by dust
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accumulation rates, n-alkane biomarker composition is not directly
influenced by loess deposition intensity. As the plant biomarkers reflect
the relative composition of the paleovegetation, they provide an in-
direct proxy for climatic parameters of more ecological relevance, i.e.
they record climatic changes as experienced by the vegetation. Ac-
cordingly, the suggested increased abundance of trees in the south-
eastern Carpathian Basin during glacial periods may not indicate in-
creased precipitation, as hypothesized by Zech et al. (2013). Rather, it
may reflect reduced moisture stress as a result of higher edaphic hu-
midity due to reduced evapotranspiration under cooler climatic con-
ditions. This conclusion is in agreement with the notion that parts of
southeastern Europe served as refugia for deciduous trees during glacial
periods (e.g. Tzedakis et al., 2006). Paleovegetation-based proxies such
as n-alkane biomarkers therefore, provide a different perspective on
paleoenvironmental reconstruction.

Nonetheless, certain issues demand caution when interpreting n-
alkane biomarker records. Because n-alkane biomarker research in loess
is still in the developmental stages, uncertainties still remain regarding
the n-alkane signature biomarker patterns of many plant species, and
the chemotaxonomic value of n-alkanes. In some regions, exceptions
from the classical n-alkane distribution of n-Co; and n-Co9 homologues
being typical for trees and shrubs and Cs; and Cs3 for grasses and herbs
have been reported (Maffei et al., 2004; Diefendorf et al., 2011; Bush
and Mclnerney, 2013; Tarasov et al., 2013). In addition, for some
species, a climatic control on n-alkane pattern has been observed, in-
dicating possible shifts toward higher chain length with increasing ar-
idity and/or temperature (Dodd and Afzal-Rafii, 2000). Deficits also
exist in the understanding of the evolution and modification of the n-
alkane signatures from plants to soil and sediments. Specifically, al-
though many individual plant species have been subject to n-alkane
analyses, there remains an insufficient amount of knowledge about n-
alkane fingerprints for ecosystems in soils or sediment. Nevertheless, a
recent European transect study on modern soils corroborates the gen-
eral validity of the n-alkane biomarker approach for distinguishing
between trees and shrubs versus grasses and herbs (Schifer et al.,
2016).

Because plant derived organic matter in soils and sediments re-
presents a mixture of materials from various plant sources with a dif-
ferent n-alkane concentration in the tissues and different incorporation
rates of leaf waxes into the soil (e.g. Zech et al., 2012), the inter-
pretation of n-alkane records is complicated. In addition, n-alkane re-
cords might be biased by post-sedimentary overprint of the leaf-wax
derived alkanes by alkanes of different sources, e.g., n-alkanes derived
from microorganisms (see Buggle et al., 2010 and references therein;
Zech et al., 2013), yet recent studies applying radiocarbon dating on
alkanes from LPS show that these effects are negligible (Haggi et al.,
2014).

Nonetheless, the malacological results at the Crvenka section are
generally in agreement with the n-alkane biomarker records from the
site, as reported by Zech et al. (2009, 2013). These data suggest that the
potential biases mentioned above are of minor significance in this in-
stance. Fig. 7 shows the n-alkane modeling results for sections A and B,
as well as the distribution of forest like, mosaic and grassland snail
assemblages over section A, associated with July paleotemperatures
and plotted by depth. The continuous predominance of grassland eco-
systems during the Late Pleistocene, as shown in Fig. 7, is also in-
dependently confirmed by mollusk data. The presence of a forest-
grassland mosaic landscape in MIS 4 and MIS 2 is also supported by
mollusk data, thereby validating the biomarker approach.

Despite indicated general agreement between these two in-
dependent biological proxies, some limitations related to accurate in-
terpretations of these proxy records still exist. For example, periods
with domination of snail assemblages related to dry and open habitats
can be associated with relative low grassland dominance (around 80%
of grassland dominance, L1LL1 from 2.8 m to 3.5m depth) as well as
with complete domination of grass environments (> 100% of grassland
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dominance, L1SS1 around 4.75 m depth). Hence, classic malacological
investigations still provide more detailed and valuable information for
environmental reconstruction than interpretations based on n-alkanes.
Thus, a common application of the novel n-alkanes approach to pa-
leovegetation reconstruction associated with different traditional
bioindices such as: land snail and pollen assemblages, plant macro
fossils, phytoliths or rhizoliths is more than welcome.

Additionally, n-alkanes may provide the key to paleovegetation
reconstruction from the interglacial paleosols SO and S1, where mol-
lusks are either rare or absent due to pedogenic acidification and hence,
carbonate leaching. Unlike mollusk shells, n-alkane biomarkers are
preserved in leached horizons like decalcified paleosols, and thus, they
may provide the best proxy for paleoflora. As shown by the data from
the Crvenka site, a direct comparison of n-alkane based reconstruction
of local paleovegetation and mollusk records for local habitat condi-
tions provides a promising method for insight into paleoecological
conditions.

In sum, although the long-chain, plant-derived n-alkanes at the
Crvenka LPS suggest a minor, but the non-negligible contribution of
deciduous trees and shrubs (C,; and Cyg) during MIS 1, MIS 2, MIS 4,
and MIS 6, they provide no evidence for widespread forest cover during
MIS 3 and MIS 5. Hence, from the biomarker and plant ecological
perspective, soil conditions on the Carpathian loess plateaus seem to
have been more arid (higher dry stress for plants) during MIS 3 and MIS
5 than during MIS 2, MIS 4, and MIS 6.

4.4. Stable isotope composition of organic matter in the light of the
malacological inventory

8'3C values for the Crvenka LPS vary from —23%o to — 25%o, which
is within the range for almost pure C3 vegetation (Hatté et al., 2013),
but represents a slightly more positive value than would be expected for
typical C3 vegetation (—25%o to —27%o). Such carbon isotope en-
richment by few %o could result from organic matter degradation (e.g.
Zech et al., 2013). However, at Crvenka those units with less negative
carbon isotope signature (base of L1LL2, top of L1LL1) do not corre-
spond with minima in the OEP, serving as an alkane-degradation proxy.
In general, we assume that degradation of organic matter is less pro-
nounced in the loess units due to high sedimentation rates and thus,
more rapid burial of organic matter. Accordingly, OEP values (3-6)
recorded in the S1 paleosol are lower than those observed in loess. The
carbon isotope signature of the S1 loess (—25%o), however, is more
negative than for the loess. Hence, a significant contribution of de-
gradation-related carbon isotope fractionation in the loess-paleosol
strata of Crvenka appears unlikely.

Slight carbon isotope enrichment in the L1LL2 and L1LL1 soils could
also have resulted from C3 vegetation under moisture stress, although
this hypothesis is not supported by the relative abundance of xer-
ophilous and hygrophilous snails. Alternatively, small contributions by
C4 plants could explain a carbon enrichment of ~—1.5%o to — 2%o
between the last interglacial paleosol and the local maxima in last
glacial loess. Assuming an average 8'°C signature of —27%o and
—12%o for C3 and C4 plant-derived material respectively an estimation
of the contribution of C4 plants can be obtained using an isotope mass
balance calculation. Accordingly, the *3C enriched strata of the L1LL1
and L1LL2 loess units would have had a contribution of ~27% of C4-
derived carbon, which is about twice as high as calculated for the last
interglacial pedocomplex (S1) at Crvenka. Generally, the combination
of higher atmospheric CO, levels, lower temperatures, and higher
precipitation totals favor C3 plants over C4 plants. The contemporary
crossover temperature to a dominance of C4 species is related to at-
mospheric CO, contents, and is today at about 22°C for the mean
temperature of the growing season. In the BLP, the main growing
season under modern climate conditions is between May and June,
which is coeval with the primary period of precipitation. For these
months, the mean temperatures are below the crossover temperature.
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Type brown soil
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Fig. 8. Comparison of the Late Pleistocene mollusk asemblages from LPS in Western and Central European loess series modified from Lozek (1969) and Rousseau
(2001), as well as from the southern part of the Carpatian Basin. Stratigraphy: H—Holocene, R—Rissian, S—Sallian, MP—Middle Pleistocene, PK—soil pedocomplex.
Mollusk assemblages: Colu.—Columella, Pupi.—Pupilla, H.str—Helicopsis striata, C.trid.—Chondrula tridens, B.fru.—Bradybaena fruticum, Helix—Helix, H.ba.—Helici-

gona banatica. Interst.—Interstadial, Intergla.—Interglacial.

Collins and Jones (1985) reported a C4 contribution of < 2% for the
modern flora of this region. During the Last Glacial Maximum (LGM),
the atmospheric CO, level was ca. 180 ppm or between 220 ppm and
240 ppm during interstadials of the last 40 kyr (Jouzel et al., 1993). In
these cases, the crossover temperatures would have been much lower,
about 10 °C and 12-13 °C, respectively.

The mollusk shell data consistently point to July paleotemperatures
higher than 13°C, even for the LGM. However, the 8'3C values at
Crvenka do not indicate a dominance of C4 vegetation during this
period. Most likely, the elevated carbon isotope signatures in the glacial
units reflect a slight spreading of C4 vegetation onto the BLP. In the
glacial units of the section, alkane patterns and snail assemblages also
indicate a spread of tree vegetation and grass-tree mosaic vegetation,
contemporary with carbon isotope enrichment. Following Obreht et al.
(2014), this suggests that the increased contribution of C4 grasses is
counterbalanced by a decrease of grassland-derived (C3 and C4 vege-
tation) organic matter vs. tree-derived organic matter (C3 vegetation).
Such a change might explain the absence of a pronounced C4 dom-
inance even though the crossover temperature had been surpassed.
Similar observations have been reported from other late Pleistocene
loess sites in the Carpathian Basin (Schatz et al., 2011; Hatté et al.,
2013), which show only a slight, or even no, isotopic evidence for C4
plant expansion. In contrast to carbon, the nitrogen data show !°N
isotopic enrichment in the interglacial and interstadial paleosols. This
enrichment has also been reported from other loess sites in the Hun-
garian part of the Carpathian Basin, as well as from Southern Serbia
(Schatz et al., 2011; Obreht et al., 2014). Following Schatz et al. (2011)
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and Zech et al. (2013), the isotopic enrichment of nitrogen in fossil soils
can be regarded as an indicator of open N-cycles due to higher biomass
production during the interglacials and especially interstadials, rather
than due to intensive biomass decomposition.

4.5. Comparison with the Late Pleistocene records preserved in other
European loess provinces

Fig. 8 compares generalized mollusk successions preserved in the
LPSs of Central and Western Europe (Lozek, 1964; Rousseau, 2001)
with data from the Vojvodina region. The Late Pleistocene environ-
ments in Central and Western Europe range from glacial tundra like
(represented by Columella columella fauna), to different types of grass-
lands (represented by Pupilla species, Helicopsis striata and Chondrula
tridents) and transitional environments (Bradybena fruticum), to inter-
glacial humid deciduous forest habitats (represented by Helicigona ba-
natica fauna types). Simultaneously, the continuous predominance of
grassland habitats has been observed in the Vojvodina region (Fig. 8).
The main reason for these environmental differences is the increase in
continental climatic influences, corresponding to increasing distance
from the Atlantic Ocean. In addition, current as well as Late Pleistocene
summer temperatures in the Middle and Lower Danube region appear
to be significantly higher than in other European loess provinces. The
similarity between the present and Pleistocene temperature gradients
over the European loess belt has previously been pointed out by Siimegi
(2005), Krolopp and Siimegi (1995), Stimegi and Krolopp (2002), and
Markovic et al. (2006). Based on these paleoclimate reconstructions,
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other European loess provinces are best classified as ‘cold humid’ in
Western Europe and ‘cold temperate humid’ in Central and Eastern
Europe. These loess provinces are characterized by significantly dif-
ferent paleoenvironmental conditions than the ‘temperate dry’ loess
province in the southeastern Europe (Smalley et al., 2011). This
“temperate dry” generally warmer semi-arid, southeastern European
loess province is the westernmost part of a transcontinental loess belt -
the most westerly extension of the Central Asian (e.g. Dodonov and
Baiguzina, 1995; Bronger et al., 1995; Machalett et al., 2008) and
Chinese loess provinces (e.g. Kukla, 1987; Kukla and An, 1989; Porter,
2001).

The loess mollusk fauna of Crvenka and other sites in the Carpathian
Basin are characterized by a small number of cold-resistant species,
suggesting a stable, dry, and relatively warmer glacial climate, as
compared with other European loess localities. Furthermore, the data
presented here suggest that the loess plateaus in the Vojvodina region
were a type of refugium in Europe for steppic, warm-loving and xer-
ophilus mollusk taxa during the otherwise unfavorable glacial climates
of the Late Pleistocene. Recently, Siimegi et al. (2016) described the
Vojvodina region as being more like transitional biogeographical zone,
rather than a refugium per se.

Finally, snails as well as alkane biomarker data indicate the pre-
sence of tree-grassland mosaic vegetation during the last glacial period
(MIS 2). Although Western and Central European vegetation records
generally indicate a decline of tree vegetation during glacial periods,
suggesting a treeless glacial paleoenvironment, the findings at Crvenka
indicate a small but gradual increase in trees during the glacial periods
for the BLP. Under modern and interglacial conditions, edaphic dryness
represents the major factor limiting tree expansion in the central
Carpathian Basin, whereas cooler glacial conditions provide less
moisture stress and higher edaphic humidities, explaining the expan-
sion of trees during the loess depositional periods for layers L1LL1 and
L1LL2. In addition, although western and central Europe forest vege-
tation apparently was limited by low summer temperatures, glacial
summer temperatures in Carpathian Basin were actually higher during
the Late Pleistocene (Schreuder et al., 2016). In regions where there is
no permafrost providing an additional source of humidity, precipitation
during the LGM might have been too low to support trees. These
findings help explain why the Balkan Peninsula is one of the most im-
portant European biodiversity hotspots and a potential forest refugium
during glacial periods.

5. Conclusions

Over the last several years, investigations of the Crvenka LPS have
established the importance of this site as a valuable record of Late
Pleistocene paleoclimate and paleoenvironment in northern Serbia in
particular, and for the southeastern Carpathian Basin in general. As the
most extensively investigated Serbian exposure, this site enables the
possibility of reconstructing local and regional environmental processes
and conditions during the last approximately 150 kyr.

Unlike data from other parts of Late Pleistocene Europe, our results
provide unique proxy data for the environmental evolution in the
Carpathian Basin. We present two independent lines of environmental
evidence from this loess-paleosol section: novel n-alkane biomarkers
and traditional land snail assemblages. These data are augmented by
grain size, magnetic susceptibility and stable isotopic data. With these
data, not only can the validity of the biomarker approach be assessed,
but also, both types of records independently confirm a relative stable
paleoenvironment during the entire Late Pleistocene, characterized by
the continuous dominance of grassland vegetation. Although inter-
glacial conditions were generally characterized by dry steppic en-
vironments, grassland-tree mosaic vegetation did develop during the
glacial periods at Crvenka. These findings highlight the Carpathian
Basin, specifically its southeastern part, as an important area for the
preservation of biodiversity during the past 150 kyr.
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