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Loess–paleosol sequences in the Vojvodina region in the southeastern Carpathian Basin have been intensively
studied to obtain a high-resolution stratigraphical framework for the Upper Pleistocene in this part of Europe.
In these studies, millennial-scale sedimentation variations in the Upper Pleniglacial have been coupled to the
Greenland Ice dust record, indicating that the rapid climate variability characterizing the North Atlantic and
Greenland areas, is reflected in the loess deposits at the southern edge of the European loess belt. Rapid variations
were recently also reported for the stable isotopic composition of organicmatter in the Surduk loess-paleosol se-
quence, located in the Vojvodina region, andwere interpreted as episodes of increasedC4-vegetation over the last
glacial period. Based on potential coinciding changes in oceanic and atmospheric circulation patterns, these ep-
isodes were attributed to plant moisture stress rather than by fluctuations in temperature, although exclusive
proof has not yet been provided. Herewe report a high-resolution record of continental air temperature and pre-
cipitation over the past 40,000 years based on soil bacterial lipid signatures preserved in the Surduk loess–
paleosol sequence. Our temperature record shows a gradual warming trend, suggesting thatmoisture availability
indeed seems to be themain factor driving the excursions to C4-vegetation around Surduk.We alsofind that con-
tinental air temperature changes in this regionmay be seasonally biased, and were driven by regional influences
rather than by Northern Hemisphere climate forcings, likely as a result of the inland isolation of the Carpathian
Basin by surrounding mountains. Support for a regional climate driver comes from comparison of our lipid-
based temperature and precipitation records with similar records from the near-by Crvenka loess–paleosol se-
quence, which resemble the climatic trends recorded at Surduk.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

During the Quaternary, windblown dust has accumulated as loess
deposits over large parts of Europe and Asia. Especially on the Chinese
Loess Plateau these deposits have been well studied, where the alterna-
tions of loess and paleosol layers have been related to cold and dry gla-
cials and warm and wet interglacials, respectively (e.g. An, 2000). But
also in Europe, loess–paleosol sequences are widespread (Haase et al.,
2007) and have been studied to gain more insight into Quaternary cli-
mate change, especially the last glacial period (e.g. Buggle et al., 2009;
Antoine et al., 2001; Rousseau et al., 2002). In Western Europe, loess
grain size variations and the alternation of loess and gleys in the se-
quences have been linked to the dust record of the Greenland ice core
(Rousseau et al., 2007), suggesting a connection between the atmo-
spheric circulation and associated wind regimes in the North Atlantic
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and Europe. This connection is also visible in loess–paleosol sequences
located in the Carpathian Basin in Southeastern Europe, where abrupt
increases in loess grain size indicate a succession of short events during
the Upper Pleniglacial (ca. 37–20 kyr BP), reflecting the variations in ae-
olian dynamics related to rapid climate variability, as also recorded in
North Atlantic and Greenland records (e.g. Marković et al., 2005, 2008;
Antoine et al., 2009; Stevens et al., 2011).

A recent study focusing on the Surduk loess–paleosol sequence, lo-
cated in the southern part of the Carpathian Basin (Fig. 1), showed
that also the stable isotopic composition of organic carbon (δ13C) has re-
corded similarly rapid changes (Hatté et al., 2013). The isotope record
indicates several episodes of 13C enrichment during the Late Pleisto-
cene, which have been interpreted as temporary dominance of C4 vege-
tation in this region. The excursions to C4 vegetation have been
explained by dry and short summers caused by coinciding changes in
oceanic and atmospheric circulation patterns, unfavorable for moisture
transport from the Mediterranean Sea and Atlantic, and consequently
resulting in less precipitation on the Balkans. However, exclusive proof
for moisture availability as main driver of vegetation change is hard to
obtain, as it is difficult to disentangle whether the variability in the
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Fig. 1.Map of the Carpathian Basin with the location of the Surduk, Crvenka and Irig loess–paleosol sequences.
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δ13C record is driven by changes in temperature or precipitation based
only on variations in grain size distributions or total organic carbon con-
tent (Hatté et al., 2013).

In order to further identify the driver(s) of sudden vegetation
change in this area, the occurrence and relative distribution of branched
glycerol dialkyl glycerol tetraethers (brGDGTs; Fig. 2) have been ana-
lyzed throughout the same loess–paleosol sequence at Surduk. BrGDGTs
are membrane lipids produced by soil bacteria that occur ubiquitously
in soils and peat (Weijers et al., 2006), and adapt the molecular struc-
ture of their membrane to changes in mean air temperature (MAT)
and soil pH (Weijers et al., 2007a). Hence, past changes in MAT and
soil pH can be reconstructed by using the MBT (methylation of
branched tetraethers) and the CBT (cyclisation of branched tetraethers)
indices, based on the amount of methyl branches (4–6) and cyclopentyl
moieties (0–2) of the brGDGTs, respectively (Weijers et al., 2007a). The
strength of this method is that variations in precipitation-induced soil
pH and MAT are reconstructed based on the same suite of molecules,
which is ideal to disentangle the influence of these two environmental
parameters on e.g. vegetation change. Furthermore, also the relative
abundance of brGDGTs compared to that of crenarchaeol (Fig. 2), an iso-
prenoid GDGT that is produced in soils by ammonia oxidizing archaea,
has been shown to relate with soil moisture availability (e.g. Xie et al.,
2012; Dirghangi et al., 2013), and can be quantified in the Branched
and Isoprenoid Tetraether (BIT) index (Hopmans et al., 2004). Together
with soil pH, the BIT index can thus be used as indicator for past precip-
itation changes. Recent studies from the Chinese Loess Plateau have in-
dicated that brGDGTs indeed record past climatic changes, both in
temperature as well as in precipitation intensity (e.g. Jia et al., 2013;
Peterse et al., 2011, 2014).

A first attempt to reconstruct precipitation and MAT using brGDGTs
in the nearby Crvenka loess–paleosol sequence indicated an early
warming and higher than expected air temperatures during the past
glacial–interglacial transition (Zech et al., 2012). The unexpected trends
were attributed to a.o. incomplete peak separation of co-eluting brGDGT
isomers during analysis using high performance liquid chromatography
(HPLC), complicating the determination of the exact abundance of each
brGDGT in the obtained chromatogram (Zech et al., 2012). This issue
has recently been resolved by De Jonge et al. (2014), who proposed an
optimized HPLC method that enables the separation of these isomers,
adding to the reliability of the generated proxy records. Moreover,
identification of the isomers (De Jonge et al., 2013) indicated that
brGDGTs with a methyl branch on the 5′ or the 6′ position are related
to temperature and pH, respectively, further separating the influence
of these environmental parameters, and the accuracy of their use as
paleothermometer (De Jonge et al., 2014). Hence, the use of this new
method to generate GDGT-based climate records may provide new in-
sights on past precipitation and temperature variability in continental
Europe, and their subsequent influence on past vegetation dynamics.

2. Material and methods

2.1. Study site

The Surduk sequence is located in the north of Serbia, in the Vojvo-
dina province in the southeastern part of the Carpathian Basin (45°40′
N, 20°20′E; 111m above sea-level; Fig. 1). The Vojvodina area is charac-
terized by the presence of thick loess–paleosol sequences mainly out-
cropping as high loess cliffs along the western bank of the Danube
River and at the confluence between theDanube and tributaries, includ-
ing the Tisa River east of the Titel Plateau (Fig. 1) (Marković et al., 2008;
Antoine et al., 2009). The area currently lies at the border between
Atlantic, Continental and Mediterranean climate zones and small



Fig. 2.Molecular structures of brGDGTs (I\\III) and crenarchaeol (IV). Figure adapted from
De Jonge et al. (2014).
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changes in the relative influence of associated atmospheric systems
will have significant impacts on the region's climate (Ducić and
Radovanović, 2005). At present, the site is mostly under a Mediterra-
nean climate influence, and has an annual mean air temperature of
11 °C, varying between −1 °C in January and 21 °C in July, on average
(Hrnjak et al., 2014). The annual rainfall is ca. 600 mm (Tošić et al.,
2014). With ca. 120 rainy days per year, the area has no strong season-
ality with a dry summer season and/or a long and cold winter (Hatté
et al., 2013).

The Surduk loess–paleosol sequence consists of alternation of typical
loess, tundra gleys and paleosols over 20 m. It was sampled in 2009 in
5 cm resolution after harsh cleaning of the section, and is described in
detail by Antoine et al. (2009) and Fuchs et al. (2008). The sequence
was subdivided into 14 sedimentary and pedological units (Antoine
et al., 2009), and more recently, Marković et al. (2015) defined a new
Danube Basin wide loess stratigraphy, allowing correlation of the data
with Oxygen Isotope Stage (OIS) intervals. Previous studies have report-
ed grain size, CaCO3 and TOC content of the sedimentwhere coarsema-
terial (over 160 μm)was sieved off, as well as bulk δ13C composition for
this sequence (Antoine et al., 2009;Hatté et al., 2013). The current study
was performed on aliquot of the same samples that were used for both
sedimentology and isotopic studies.

2.2. BrGDGT analysis

The typical loess, gley and paleosols (b160 μm) were homogenized
with a mortar and pestle, after which brGDGTs were extracted (3×)
from ̴22 g homogenized loess and paleosol with dichloromethane
(DCM):methanol (9:1, v/v) using an accelerated solvent extractor
(ASE 200, Dionex) at 100 °C and 7.6 × 106 Pa. The total lipid extracts
were dried under N2 and separated into an apolar and a polar fraction
by passing them over an activated Al2O3 column using hexane:DCM
(9:1, v/v) and DCM:MeOH (1:1, v/v) as eluents, respectively. The polar
fraction, containing the brGDGTs, was dried under N2, redissolved in
hexane:isopropanol (99:1, v/v) and passed over a 0.45 μm PTFE filter.
BrGDGTswere analyzed using an Agilent 1290 Infinity ultra high perfor-
mance liquid chromatography (UHPLC) coupled to an Agilent 6130 sin-
gle quadrupolemass detector (MS) according to Hopmans et al. (2016).
In short, separation of the brGDGTswas performed on two silicaWaters
Acquity UPLC HEB Hilic (1.7 μm, 2.1 mm × 150 mm) columns at 30 °C,
preceded by a guard column of the samematerial. GDGTswere separat-
ed isocratically using 82% A and 18% B for 25 min at a flow rate of
0.2 ml/min, and then with a linear gradient to 70% A and 30% B for
25 min, where A = hexane and B = hexane:isopropanol 9:1. The
GDGTs were ionized using atmospheric pressure chemical ionization
with the following source conditions: gas temperature 200 °C, vaporizer
temperature 400 °C, drying gas (N2) flow 6 l/min, Nebulizer pressure
25 psi, capillary voltage 3500 V, corona current 5.0 μA. The [M + H]+

ions were detected in selected ion monitoring (SIM) mode, and quanti-
fied using Chemstation software B.04.02.

2.3. GDGT-based proxy calculations

The MAT and soil pH of the Surduk loess–paleosol sequence were
calculated using fractional brGDGT abundances and the following equa-
tions and transfer functions according to the most recent calibration of
De Jonge et al. (2014). Roman numerals in the equations refer to the
molecular structures in Fig. 2.

CBT’ ¼ log Icþ IIa’þ IIb’þ IIc’þ IIIa’þ IIIb’þ IIIc’ð Þ= Iaþ IIaþ IIIað Þ½ � ð1Þ

pH ¼ 7:15þ 1:59 � CBT’ ð2Þ

MATmr ¼ 7:17þ 17:1 � Ia½ � þ 25:9 � Ib½ � þ 34:4 � Ic½ �–28:6 � IIa½ � ð3Þ
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The BIT index was calculated according to Hopmans et al. (2004),
using both 5- and 6-methyl brGDGTs:

BIT ¼ Iaþ IIaþ IIa’þ IIIaþ IIIa’ð Þ= IVþ Iaþ IIaþ IIa’þ IIIaþ IIIa’ð Þ ð4Þ

3. Results

In the loess interval between 1555 and 1290 cm depth, roughly cor-
responding to the Lower Pleniglacial and the early part of the Middle
Pleniglacial complex, the concentration of GDGTs was below detection
limit (10 samples), so that proxy calculation was not possible for this
part of the sequence. However, GDGT abundance was sufficient in 103
out of 111 remaining samples (Supplementary Table 1) to calculate air
temperature, pH, and BIT index values (Fig. 3; Supplementary Table 2).

The reconstructed air temperature record of the Surduk sequence
varies between 7 °C and 20 °C (Fig. 3),with highest temperatures recon-
structed for the top of unit L1LL2, correlatingwith OIS 2 (Marković et al.,
2015), and lowest for the top of unit L1SS1, correlating with OIS 3
(Marković et al., 2015). Warm conditions were reconstructed for unit
S1, correlatingwith OIS 5, a cooling interval at the end of OIS 3, followed
by a gradual increase in temperature until the end of OIS 2. Although the
brGDGT-derived temperature for the surface sample matches modern
MAT, the upper meter of the sequence was disturbed by a few deep
root tracks, so that this part of the record must be interpreted with
care (Hatté et al., 2013). The pH record ranges from 6.6 to 7.8, with
highest values reconstructed for unit S1. The BIT-index varies between
0.55 in OIS 3, and 0.93 at the end of OIS 2.

The uppermost sample is an outlier in all three proxy records (Fig. 3),
likely due to afore mentioned disturbance by plant roots (Hatté et al.,
2013). Therefore, this data point is excluded from further discussion.
Fig. 3. Reconstructed air temperature, pH, BIT (this study) and grain-size (Antoine et al., 2009)
units are adapted from Antoine et al. (2009) and Marković et al. (2015).
4. Discussion

4.1. Continental climate evolution recorded in the Surduk sequence

Along the loess sequence, reconstructed temperatures are higher
than expected based on modern MAT, reaching 20 °C at the end of the
equivalent OIS 2 (Fig. 3). We will, therefore, focus on the trends in our
records, and mainly discuss our results in terms of higher/lower,
cooler/warmer, as has also been done for studies in China (e.g. Peterse
et al., 2014). Additionally, potential biases of the brGDGT-records will
be evaluated.

Based on trends in the proxy records obtained from the Surduk
Sequence, climate evolution in the Vojvodina region can be divided
into threemain stages, i.e. OIS 5, OIS 4—first part of OIS 3, and the period
from the second part of OIS 3 to OIS 1 (Fig. 3).
4.1.1. OIS 5
In the Surduk sequence, OIS 5 is represented by a well-developed

paleosol with a low sand-percentage (around 5%; unit S1 in Fig. 3), indi-
cating low-energy (aeolian) deposition, as is characteristic for paleosols
in this region (e.g. Marković et al., 2008). Despite the high resolution of
our GDGT-proxy records, the five substages of OIS 5 generally observed
in the marine environment (e.g. global benthic stack LR04; Lisiecki and
Raymo, 2005) or ice core records (e.g. Petit et al., 1999) cannot be recog-
nized in the Surduk sequence. Instead, reconstructed temperatures indi-
cate a gradual decrease from 18 °C at the onset of OIS 5 towards 14 °C at
the transition into OIS 4 (Fig. 3). It may be that brGDGTs have only re-
corded the warm stages (5e, 5c and 5a) in the Surduk sequence, and
that the cold stages were either not strong enough to be recorded in
brGDGTs, or that climatic conditions were unfavorable to brGDGT-
records against depth in the Surduk loess–paleosol sequence. Lithology and stratigraphical
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producing organisms to be reflected in the record. This would then re-
sult in the decreasing trend observed here, as 5e is generally recognized
as the warmest stage and 5c and 5a were slightly cooler (Shackleton,
1969). Reconstructed temperature for OIS 5 is lower than during the
Holocene Optimum (ca. 9 ka to 4 ka), whereas higher temperatures
are expected based on aforementioned established climate records.
The layer covering OIS 5 in the Surduk loess–paleosol sequence repre-
sents the Basal soil complex, a well-developed, weathered paleosol
that is generally found in other sequences in this region (Marković
et al., 2008). The formation of this layer is attributed to warm and
humid conditions in combination with a very low sedimentation rate
(about 8 cm/kyr) (Hatté et al., 2013). Hence, these conditions have
probably led to increased soilmicrobial activity and bioturbation, conse-
quently mixing the GDGTs and thus altering and/or smoothening the
climate signal in this layer.

Even though the CBT’-based soil pH record shows more variation
than the temperature record, the individual OIS 5 substages cannot be
recognized. The record varies within 0.3 pH unit during the first part
of OIS 5, followed by a peak in pH and a steep drop of about 1 pH unit
at the OIS 5–OIS 4 transition. As precipitation has an important influ-
ence on the pH of a soil, similar brGDGT-derived pH records have
been used to infer past changes in precipitation intensity (e.g. Weijers
et al., 2007b; Peterse et al., 2014). In addition, a recent study on a
loess–paleosol sequence from the Chinese Loess Plateau directly linked
the CBT index to monsoon precipitation amounts (Wang et al., 2014),
supporting the interpretation of the pH records as one for precipitation
dynamics. Notably, reconstructed pH for loess–paleosol sequences ap-
pears to show an opposite relation with precipitation compared to
that for ‘normal soils’, as the highest reconstructed soil pH occur during
periods with presumed wetter conditions, and lower reconstructed pH
values with drier periods (cf. Peterse et al., 2014). This opposite relation
may be explained by the generally high CaCO3 content of loess upon de-
position: during periods of increased precipitation, the CaCO3 deposited
with the loess will gradually dissolve, thereby temporarily increasing
the soil pH, which is recorded by the brGDGT-producing bacteria.
After a prolonged period of increased precipitation, CaCO3 will be
leached from the soil, leading to a decrease in soil pH. Present day soil
pH thus reflects the lower pH after carbonate leaching, whereas the fos-
sil brGDGTs reflect the increased pH conditions due to CaCO3 dissolu-
tion they experienced during production, hence creating an inverse
paleo-pH record. Following this line of reasoning, the relatively high
reconstructed pH values during OIS 5 may thus be interpreted as wet
conditions.

Such wet conditions are also reflected by the high BIT index values
during this period (Fig. 3). Although the BIT index was originally
designed to determine the contribution of soil organic carbon into ama-
rine system (Hopmans et al., 2004), soil-based BIT values have recently
been shown to reflect (soil) moisture availability along a precipitation
transect in the USA, whereby BIT decreases with increasing aridity
(e.g. Dirghangi et al., 2013). Thus, the pH and BIT index records support
the wet conditions during OIS 5 (Fig. 3) as inferred from the formation
of a paleosol layer (e.g. Marković et al., 2008).

4.1.2. OIS 4 – OIS 3
The concentration of brGDGTs in loess deposited during OIS 4 and

the beginning of OIS 3 (units L1LL2 and L1SS1 in Fig. 3) was below de-
tection limit, so that environmental conditions could not be derived
from GDGT-based proxies for this period. Since soil bacteria generally
need sufficient moisture to thrive, and the brGDGT-producing organ-
isms are sensitive to aridity (e.g. Peterse et al., 2012; Xie et al., 2012;
Dirghangi et al., 2013), their presence below detection limit in this
part of the sequence suggests that arid conditions prevailed during the
interval between OIS 4 and the beginning of OIS 3. Indeed, also loess
snail assemblages in the southern Carpathian Basin indicate very dry
conditions and associated mosaic vegetation during the Last Glacial pe-
riod (Marković et al., 2005, 2007). Moreover, the high sand percentage
during OIS 4 (around 20%), indicate that the environment was dynamic,
characterized by strong winds and cold conditions (Fig. 3; Hatté et al.,
2013).

Although no more information on climate variability during OIS 4
and the beginning of OIS 3 can be obtained from biomarkers in this
part of the Surduk sequence, it can be inferred that the typical loess de-
posited at Surduk does not contain any brGDGTs upon deposition. This
implies that the brGDGTs that are detected in this section are not
transported and deposited in association with the dust, but are
produced in situ, post deposition. Hence, the temperature-, pH- and
BIT-index records are most likely not disturbed by allochthonous
brGDGTs from the loess source region, so that these records thus truly
reflect past variations in the climate around Surduk. This is in line
with the absence of detectable GDGTs in windblown dust collected
from the Chinese Loess Plateau, which indicated that the vast majority
of the brGDGTs in loess–paleosols sequences must be produced in situ
(Gao et al., 2012). That the contribution of pre-aged loess-associated
lipids is also negligible in the Vojvodina region becomes evident from
a recent study showing that 14C ages of plant waxes in the nearby
Crvenka sequence (Fig. 1) are similar to the luminescence ages and stra-
tigraphy of the loess layer fromwhich theywere extracted (Häggi et al.,
2014). These results provide independent evidence for excluding
a modern overprint of the lipid signature stored in loess–paleosol
sequences.

4.1.3. OIS 3–OIS 1
The interval between ~1200 cmdepth and the top of the sequence is

presumed to be most suitable for the generation of reliable climate re-
cords because there are no indications for post-depositional mixing of
the sediment, as can be deduced from the variability in the δ13C record
(Fig. 4) and the presence of laminated structures (Antoine et al., 2009).
Furthermore, brGDGTs were abundant in this section, enabling calcula-
tion of the paleoclimate proxies. This section was deposited with a high
sedimentation rate, giving the opportunity to study this time interval in
high resolution.

The brGDGT-derived temperatures gradually decrease from 14 °C to
7 °C into OIS 3, remain stable until the start of OIS 2, and then gradually
increase to 20 °C at the end of OIS 2 (Fig. 4). The brGDGT-derived tem-
perature record indicates a substantial degree of atmospheric warming
in the Surduk region over the last deglaciation. Although absolute tem-
perature records for this region are limited, hindering direct compari-
son, the relatively large degree of warming may (partly) be the result
of a seasonal bias. BrGDGTs in Chinese loess, for example, have been as-
sumed to be mainly produced in summer, when warm and wet condi-
tions prevail, providing good growing conditions for the soil bacteria
that produce them, as opposed to during the cold and dry winter cli-
mate. The brGDGT-based temperature records for this area have conse-
quently been interpreted as summer air temperatures (e.g. Peterse et al.,
2011). Nevertheless, Weijers et al. (2011) found no seasonal trends in
the concentration and distribution of branched GDGTs in soils from
several locations atmid-latitudes, probably due to the availability of suf-
ficient soil moisture year round. Despite unambiguity in the interpreta-
tion of absolute temperatures, the trends of the temperature records
based on brGDGTs in loess sections deposited at a high rate have been
shown to reliably reflect past temperature variations (e.g. Peterse
et al., 2011, 2014; Jia et al., 2013). However, the fact that the recon-
structed temperatures are above modern mean annual air temperature
from around the middle of OIS 2 onwards (Fig. 4) suggests that indeed
seasonal temperatures instead of mean annual air temperatures are re-
corded by the brGDGTs in this area. This assumption is supported by the
fact that the brGDGT-based temperatures resemble the summer tem-
peratures derived from snail assemblages in the nearby Irig loess se-
quence (Marković et al., 2007).

The relatively early onset of atmospheric warming in the Surduk
temperature record (Fig. 4)may be a result of mixing of the organic car-
bon, asmay be inferred from the interval of approximately the same 14C



Fig. 4. Comparison of variations in reconstructed air temperature, pH and BIT at the Surduk loess–paleosol sequences (closed symbol) with the same records from the Crvenka loess–
paleosol sequences (open symbol) (Zech et al., 2012, 2013). Annual maximum insolation at 55°N (Huybers, 2006), global ice-volume (Lisiecki and Raymo, 2005) and Greenland δ18O
(NorthGRIP Community Members, 2004) are also plotted for comparison. Gray areas indicate excursions in the δ13C record towards C4-plant-dominated vegetation. Red numbers
indicate the timing of Dansgaard-Oeschger Events, Heinrich Events are indicated in black.
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dates from 5 to 10 m in the sequence (Hatté et al., 2013). This is
interpreted as a period of high sedimentation rate, but may also be ex-
plained bymixing of the 14C signal and also theGDGT signal, aswas pro-
posed by Zech et al. (2012) as the ‘growth depth effect’, resulting in a
seemingly earlier warming in the reconstructed temperature record.
However, mixing of the soil organic carbon pool should have resulted
in smoothening of all records, whereas the δ13C record shows a clear
variability with depth (Fig. 4). Also, a recent study by Häggi et al.
(2014) excludes an overprint of the original lipid signature with amod-
ern overprint based on 14C dating of biomarkers in loess, giving more
confidence that the reconstructed temperature record truly reflects air
temperature at that time.

When comparing the temperature trends in this period between the
second part of OIS 3 and OIS 1 to established Northern Hemisphere cli-
mate records, direct links seem to be missing (Fig. 4). For example,
Northern Hemisphere annual maximum insolation is expected to posi-
tively correlate with continental air temperature, as was observed for
Chinese loess sections (e.g. Peterse et al., 2014). Surprisingly, this link
is not so clear in the Surduk sequence. The insolation maximum around
32 ka is not reflected in the temperature record, aswell as the insolation
minimum around 22 ka, where a gradual increase in temperature in OIS
2 is recorded. The decoupling of insolation and temperature suggests
that insolation is not the main driving factor for temperature change
in the Surduk region. Additionally, despite the high resolution of our
temperature record, no characteristic Northern Hemisphere climate
events can be observed in the temperature curve, compared to those
in e.g. the Greenland ice core δ18O record (Fig. 4). This suggests that
the continental air temperature changes around Surduk are likely driv-
en by regional factors rather than by NH climate forcings.

The waxing and waning of ice sheets on the Northern Hemisphere,
represented by the global benthic stack (Lisiecki and Raymo, 2005;
Fig. 4), have been suggested to play a role in driving the timing of hydro-
logical processes in East Asia (Peterse et al., 2014; Caley et al., 2014), but
do not show a clear correlation with the reconstructed moisture avail-
ability in the Surduk region, again indicating that regional drivers are
more important controls on climate variability in this area.

Support for a regional climate driver comes from comparison of the
Surduk temperature and precipitation records with those of the nearby
Crvenka sequence (Zech et al., 2012, 2013; location in Fig. 1, comparison
in Fig. 4). The sections were linked by relating their stratigraphy based
on the classification proposed by Marković et al. (2015). The
temperature- and BIT-index records of both sequences have a similar
pattern,while the pH records showdifferent trends and absolute values,
with higher values over thewhole Crvenka sequence (Fig. 4). An impor-
tant part of this differencemay be explained by the difference in analyt-
ical methods and transfer functions used to generate the records. Zech
et al. (2012, 2013) used the original soil calibration of Weijers et al.
(2007a), while in this study the proxy calibration of De Jonge et al.
(2014), based on improved chromatographywas used. The latter meth-
od has correlated pH to the abundance of 6-methyl brGDGTs, whereas
the original calibration derives pH based on the degree of cyclisations.
This difference may have caused part of the discrepancy between the
pH records of the Surduk sequence and the Crvenka sequence. Alterna-
tively, also the CaCO3-percentage of the substrate, which is on average
6% higher at Crvenka than at Surduk, may have played a role.

Considering that the temperature- and BIT-index records from the
Surduk sequence and the Crvenka sequence show practically the same
pattern, the early warming and relatively high absolute (summer) air
temperatures seem to be valid. These findings support the idea that
parts of southeastern Europe have served as refugia for temperate
trees during glacials (Panagiotopoulos et al., 2013). The two indepen-
dently generated records give confidence that the climate in this area
indeed did not necessarily follow known Northern Hemisphere climate
patterns, but that regional factors were of more importance, possibly
because the Carpathian Basin is isolated inland by surrounding moun-
tains (cf. Buggle et al., 2013).
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4.2. Implications for past vegetation change in the Vojvodina region

Generally, loess deposition is associatedwith cold and dry glacial cli-
mate conditionswith scarce vegetation. In contrast, soil formation is as-
sociated with warmer and generally wetter climate with temperate
forest vegetation (e.g. Kukla, 1987; Derbyshire et al., 1997; Muhs and
Bettis, 2003). On the contrary, Zech et al. (2009) stated that full glacial
conditions in the Carpathian Basin were not generally characterized
by treeless, cold steppic environments. Instead, they suggested that
open taiga forest prevailed even on the loess plateau. Snail assemblages
studied in loess–paleosol sequences in this region indicate mosaic-like
vegetation patterns (Marković et al., 2005), demonstrating the com-
plexity of reconstructing an average climate history and associated veg-
etation changes for this region. In the Surduk area, vegetation change
over the last 50 ka was characterized by three periods of increased C4
plant abundance (gray areas in Fig. 4). Moisture limitation was pro-
posed as main driver for these vegetation changes (Hatté et al., 2013)
and indeed, albeit limited, the excursions are best recorded in the BIT re-
cord (Fig. 4), while the air temperature record does not show any clear
variations with increased C4-vegetation. Moisture stress thus seems to
be the main factor driving the excursions to C4-vegetation around
Surduk and can either be caused by actual drought or by a change in
the seasonal pattern of rainfall. However, the δ13C record of the
Belotinac loess paleosol sequence (Obreht et al., 2014) does not support
this pattern. But, it must be stressed that the Carpathian Basin is a com-
plicated region with mosaic vegetation, as stated by this apparent
contradiction.
5. Conclusions

The application of GDGT-based proxies on the Surduk loess–paleosol
sequence in the Southeastern part of the Carpathian basin has resulted
in continuous high-resolution records of air temperature and moisture
availability over the last 40,000 years. The temperature record indicates
that the timing of atmosphericwarmingdoes not directly correlatewith
insolation or established climate records for the Northern Hemisphere,
instead the record may reflect summer temperatures instead of mean
annual temperatures, or regional factors are of more importance, possi-
bly because the Carpathian Basin is isolated inland by surrounding
mountains. The reliability of the temperature record is supported by
similar records from thenearbyCrvenka loess section. Therefore, the ex-
istence of a regional climate in this part of Southwestern Europemay be
a result of its geographical location, in which it is protected from North-
ern Hemisphere-influences by surrounding mountains. The periods of
increased aridity indicated by the BIT record of the Surduk sequence
largely match with episodes of increased C4 vegetation, indicating that
moisture availability rather than temperature is the most likely driving
factor for these events.
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