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Abstract

Detailed analyses of the Lake Van pollen and stable oxygen isotope record allow
the identification of millennial-scale vegetation and environmental changes in eastern
Anatolia throughout the last glacial. The climate within the last glacial period (~ 75—
15 ka BP) was cold and dry, with low arboreal pollen (AP) levels. The driest and coldest
period corresponds to Marine Isotope Stage (MIS) 2 (~ 28—-14.5 ka BP) dominated by
the highest values of xerophytic steppe vegetation.

Our high-resolution multi proxy record shows rapid expansions and contractions
that mimic the stadial-interstadial pattern of the Dansgaard—Oeschger (DO) events as
recorded in the Greenland ice cores, and thus, provide a linkage to North Atlantic cli-
mate oscillations. Periods of reduced moisture availability characterized at Lake Van
by enhanced xerophytic species correlates well with increase in ice-rafted debris (IRD)
and a decrease of sea surface temperature (SST) in the North Atlantic. Furthermore,
comparison with the marine realm reveals that the complex atmosphere—ocean inter-
action can be recognized by the strength and position of the westerlies in eastern Ana-
tolia. Influenced by rough topography at Lake Van, the expansion of temperate species
(e.g. deciduous Quercus) was stronger during interstadials DO 19, 17-16, 14, 12 and
8. However, Heinrich events (HE), characterized by highest concentrations of ice-rafted
debris in marine sediments, are identified in eastern Anatolia by AP values not lower
and high steppe components not more abundant than during DO stadials. In addition,
this work is a first attempt to establish a continuous microscopic charcoal record over
the last glacial in the Near East, which documents an initial immediate response to
millennial-scale climate and environmental variability and enables the shed light on the
history of fire activity during the last glacial.
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1 Introduction

The last glacial inception was marked by the expansion of continental ice sheets and
substantial changes in oceanographic conditions in the North Atlantic as well as in at-
mospheric temperature and moisture balance in the Northern Hemisphere (e.g. Chap-
man and Shackleton, 1999; Chapman et al., 2000; Rasmussen et al., 2014; Sanchez
Goni et al., 2005, 2002). Between Marine Isotope Stages (MIS) 5d and 2, the climatic
conditions are characterized by numerous abrupt millennial-scale oscillations, known
as Dansgaard—-Oeschger events (DO; Blunier and Brook, 2001; Bond et al., 1993; Ca-
cho etal., 1999; Dansgaard et al., 1993; Genty et al., 2003; Grootes et al., 1993; Shack-
leton et al., 2000; Svensson et al., 2006). These are most prominently documented in
Greenland ice cores (NGRIP, 2004; Svensson et al., 2008) and exhibit abrupt warming
(Greenland interstadials; Gl), followed by a steadily cooling and a final rapid tempera-
ture drop into a cold Greenland stadial (GS; Sanchez Goni and Harrison, 2010; Wolff
et al., 2010). About 25 such stadial to interstadial transitions, varying in amplitude from
5 to 16 °C, are defined in the NGRIP record during the last glacial period (Rasmussen
et al., 2014; Wolff et al., 2010). Although the climatic and environmental impacts of
the DO cycles have been intensively studied over the last decades, the mechanism
behind is still under debate (e.g. Cacho et al., 2000, 1999; Genty et al., 2003; Ras-
mussen et al., 2014; Wolff et al., 2010). Main process proposed as a cause for the
recurring pattern is freshwater forcing from ice-sheets that affected sea ice extend,
ocean heat transport, and Atlantic Meridional Overturning Circulation (AMOC; Bond
and Lotti, 1995; Hemming, 2004; Hodell et al., 2008; McManus et al., 1999; Wolff et al.,
2010). The most extreme cold intervals during GS are Heinrich Events (HE; Heinrich,
1988; Bond et al., 1992, 1993), characterized by reduced sea surface temperatures
(SST; Cacho et al., 1999) with highest concentration of ice-rafted debris (IRD) in ma-
rine sediments due to massive iceberg discharges mainly from the Laurentide ice sheet
(Alvarez-Solas and Ramstein, 2011).
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Long-term pollen records from the central and eastern Mediterranean (e.g. Lago
Grande di Monticchio, Italy; Tenaghi Philippon, Greece) demonstrate a clear vegeta-
tion response to millennial-scale climate variability. This region is highly sensitive to
short-term vegetation changes as recognized by cold/dry steppe landscape prevailing
during stadials and increased range of temperate tree taxa during interstadials (e.g.
Allen et al., 2000, 1999; Langgut et al., 2011; Muller et al., 2011; Roucoux et al., 2005;
Sanchez Goni et al., 2002, 2000; Shumilovskikh et al., 2014). In contrast to south-
ern Europe, however, highly-resolved and continuous terrestrial sedimentary records
displaying abrupt climate oscillations are rare in the Near East.

Since the first long lacustrine sediment sequences were recovered at Lake Van in
2010 (Litt and Anselmetti, 2014; Litt et al., 2012), numerous high-resolution data has
been gathered, providing insight into short-term changes in climate and environmental
conditions in eastern Anatolia (e.g. XRF measurements by Kwiecien et al., 2014 and
sediment color reflectance b* by Stockhecke et al., 2014a). Sensitivity of this region
was already well-documented by previous palynological data sets related to the Late
Glacial and the Holocene (Litt et al., 2009; Wick et al., 2003). First palynological results
of the new 119 m long composite profile encompassing the last ~ 600 ka, has been de-
scribed based at lower temporal resolution (between ~ 900 and 3800 years; Litt et al.,
2014). Detailed high-resolution pollen analysis for the last interglacial {between ~ 100
and-800year) is documented in {Pickarski et al.; 2015).

In this study we present new biotic data (pollen, microscopic charcoal remains) and
combine them with already available abiotic proxies (stable oxygen isotope and ele-
ment measurements) of the last glacial interval between ~ 110 and 10 kaBP. Special
focus is given to the centennial-to-millennial climate variability, as known from Green-
land, and its regional response on vegetation to abrupt paleoenvironmental changes
in eastern Anatolia. Furthermore, we provide the first continuous sedimentary micro-
scopic charcoal record to give insights into the coupling and feedbacks between fire
activity and major changes in climate, vegetation type, and fuel amount during the last
glacial.
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2 Regional setting

Lake Van (38.6° N, 42.8° E) is a deep terminal alkaline lake (max. depth > 450 m, sur-
face area ~ 36001n2), situated on the eastern Anatolian high plateau at 1647 m above
sea level (a.s.l,, Fig. 1). It is the largest soda lake in the world (Degens and Kurtman,
1978), which is partly fed by numerous small rivers around the basin. In the south, the
lake is surrounded by Bitlis Massif reaching altitudes of more than 3500 ma.s.l. Two
large active stratovolcanoes, Nemrut (2948 ma.s.l.) and SUphan (4058 ma.s.l.) border
the lake to the west and north (Fig. 1b).

The present-day climate condition in eastern Anatolia is controlled by seasonal
changes in the position and strength of the following atmospheric components: (a) the
mid-latitude westerlies, (b) the sub-tropical high-pressure system and (c) the Siberian
high-pressure system (Akcar and Schllchter, 2005; Turkes, 1996). The regional cli-
mate at Lake Van is continental with warm and dry summers (mean temperature
> 20°C; Turkish State Meteorological Service) and cold winters, marked by regular
frosts. The minimum average temperatures of the coldest month are far below 0°C
(=7.9°Cin Van; see Fig. 1b for the location). Total rainfall varies from 385 mm a” (Van)
to 816mma™" (Tatvan) and concentrates in the winter months (October to February),
with a second rainfall maximum during spring (March to May). The higher elevations of
the west—east oriented mountain ranges, along the Bitlis Massif (Fig. 1b), are affected
by the strength and position of the “Cyprus cyclones” from the Mediterranean Sea with
precipitation values up to 1200 mm a” ' in Bitlis (Turkish State Meteorological Service;
Litt et al., 2014).

The modern distribution of vegetation at Lake Van is closely related to rough oro-
graphic and spatial rainfall variability. The southward slopes of the Bitlis Massif are
covered by the Kurdo—Zagrosian oak steppe-forest (Quercetea brantii), which extends
from Taurus Mountains (east-central Turkey) via the Bitlis complex (SW shore of Lake
Van) to the Zagros Mountains (SW Iran; Zohary, 1973). It consists of several oak
species along with Pistacia atlantica, P khinjuk, Acer monsplessulanum, Juniperus
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oxycedrus, Pyrus syriaca, Crataegus spp., Prunus and Amygdalus spp. (Frey and
Kirschner, 1989). In the rain-shadow, where rainfall decreases drastically, the north-
eastern part of the lake drainage is covered by Irano—Turanian steppe vegetation, dom-
inated by Artemisia fragrans, steppe forbs and grasses (Zohary, 1973).

3 Material and methods

Sediment core “AR” (Ahlat Ridge; 38°667' N, 42°669’ E; 357 m water depth) was col-
lected on a bathymetric ridge in the northern part of the Tatvan Basin (Fig. 1b) during
the ICDP (International Continental Scientific Drilling Program) project PALEOVAN in
2010 (Litt and Anselmetti, 2014; Litt et al., 2012). Here we present data of the upper-
most 3.87—41.72 mcblf-nE (meters composite depth below lake floor-no event; depth
scale excluding volcanic ash layers and mass flow deposits), representing the time
span from 9.48 to 111.39 kaBP.

3.1 Chronology

The chronology of the Lake Van sedimentary sequence, encompassing the last glacial
interval, is based on relative dating methods (synchronization of proxy data by using
age control points) and radiometric dating techniques (e.g. radiocarbon ages). The
age-depth modal as published in Stockhecke et al. (2014a) for this relevant interval is
based on tuning with the GICC05-based NGRIP isotope data (0—116 ka; NGRIP, 2004;
Rasmussen et al., 2006; Svensson et al., 2008; Wolff et al., 2010). Additionally, corre-
lation with three 40Ar/39Ar dated onshore tephra layers was implemented in the age
model of the composite profile, e.g. the Nemrut Formation (NF) at 32.70 £ 2.55kaBP,
the Halepkalesi Pumice (HP-10) fallout at 61.60 + 2.55 kaBP as well as the Incekaya—
Dibekli Tephra at ~ 80 kaBP (Stockhecke et al., 2014b; Sumita and Schmincke, 2013).
Finally, the palaeomagnetic Laschamp excursion at ~ 41kaBP (Vigliotti et al., 2014)
could be identified in the core sequence.
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3.2 Palynology

In total, 216 sub-samples of 4cm® wet sediments were taken at a sampling interval
of 20 to 10 cm. In temporal terms, it represents a resolution from ~ 250 years (18.37—
21.24 mcblf-nE) to about ~ 500 years (3.87—-18.37 and 21.24—41.72 mcblf-nE; Fig. 2).

Pollen samples were processed using standard palynological techniques (Faegri and
Iversen, 1993) including chemical treatment with cold 10 % HCL, hot 10 % KOH, cold
40 % HF, acetolysis and final sieving through 10 um mesh size. In order to calculate
the pollen and micro-charcoal (> 20um) concentrations (grains; particles cm'3), tablets
of Lycopodium clavatum (Batch No. 483216, Batch No. 177745) were added to each
sample (Stockmarr, 1971).

Pollen identifications were carried out to the lowest taxonomic level possible with
reference of Beug (2004), Moore et al. (1991), Punt (1976), Reille (1999) pollen atlas as
well as by using the pollen reference collections of the Steinmann-Institute, Department
of Palaeobotany. Furthermore, we followed the taxonomic nomenclature after Berglund
and Ralska-Jasiewiczowa (1986) and the detailed palynological investigation from the
western Iran (Van Zeist and Bottema, 1977).

For making these pollen counts statistically representative, a minimum of ~ 500 iden-
tified pollen grains per sub-sample were counted for calculation of terrestrial pollen per-
centages (100 %), composed of arboreal pollen (AP) and non-arboreal pollen (NAP).
Spores of algae, dinoflagellates and grains of aquatic taxa were excluded from the
pollen sum. Percent calculation, cluster analysis to define pollen assemblage zones
(PAZ), and construction of the pollen and charcoal diagram (Fig. 2) was carried out by
using TILIA program (version 1.7.14; Grimm, 2011).

3.3 Stable isotope analysis

Lake Van carbonates consist of a mixture of calcite and aragonite precipitated in sur-
face water. The oxygen isotopic record (6 180bu|k) reflects regional climate changes as
well as mainly local temperature variability. We selected 200 sub-samples at the same
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stratigraphic level, which were used for the pollen analysis (20 cm sampling resolution).
The freeze-dried and ground sediment samples were analyzed at the University of Kiel
using a Finnigan GasBenchll with carbonate option coupled to a DELTAplusXL IRMS.
The isotope compositions are given relative to the VPDB standard in the conventional
8-notation and were calibrated against two international reference standards (NBS19
and NBS18). The standard deviation for reference analyses was 0.06 %. for 5'°0.

Interpretation of the oxygen isotope record of lacustrine carbonates is complex as
618Obulk can be influenced by a number of climate variables, such as air and water tem-
perature, seasonality of precipitation, moisture source and precipitation-to-evaporation
ratio. According to Litt et al. (2012, 2009) and Lemcke and Sturm (1997), at Lake Van,
the 6'0 of carbonates is primarily controlled by evaporation processes. Furthermore,
Kwiecien et al. (2014) and Pickarski et al. (2015) mention that changes in seasonal
rainfall has a significant effect on lake water isotope values. During the last glacial, the
oxygen isotope signature of carbonates is apparently heavier during interstadials and
lighter during stadials (Fig. 3b)

3.4 Profiling measurements

Profiling measurements of the complete Lake Van profile (Ahlat Ridge) are published
and described in detail by Kwiecien et al. (2014) as well as in the high-resolution study
of the last interglacial period by Pickarski et al. (2015).

Here we present a Ca/K XRF record representing a ratio between authigenic car-
bonate precipitation and siliciclastic detrital input from the drainage (ratio presented in
Figs. 3 and 4 are unitless; Kwiecien et al., 2014). In general, the Ca/K measurements
show higher values ascribed to higher amount of authigenic carbonate during warmer
periods (interstadials), and lower values related to increases detrital input during stadi-
als (Kwiecien et al., 2014; Fig. 3c).
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4 Results
4.1 Palynological results

The palynological data are presented in Fig. 2. This sequence can be divided into four
pollen assemblage superzones (PAS lla, llb, Illa, 1lIb) following the criteria described
in Tzedakis (1994), which were applied in Litt et al. (2014) for the low-resolution 600
ka long Lake Van pollen record. The PAS lla and Ilb can be further subdivided into six
pollen assemblage zones (PAZ; Fig. 2) based on changes in the AP/NAP values and
changes in the relative frequency of individual taxa. Main characteristics of each pollen
zone and sub-zone as well as criteria for defining the lower boundaries are given in
Table 1.

The pollen spectra vary between ~ 2000 and 40000 grainscm'a, dominating by
herbs in particular byArtemisia (5-55 %), Chenopodiaceae (3—64 %) and Poaceae (6—
35 %). Arboreal pollen percentages alternate between 0.5 and 67 %, in response to
highly variable climatic conditions during the last glacial. The main tree taxa are docu-
ment by Pinus (0-61 %) and deciduous Quercus (0—15 %), whereby the most indicative
temperate taxon is deciduous Quercus characterized by relatively high percentages
during interstadials.

4.2 Charcoal results

Microscopic charcoal concentrations vary between < 200 and ~ 15000 par’ticlescm'3

throughout the last glacial (Figs. 2 and 3d). In general, charcoal particles of a size
commonly recorded from pollen slides reflect fire on a more regional scale (e.g. Clark
et al., 1998; Tinner et al., 1998). Here, the Lake Van charcoal record can be divided
into two distinct intervals: (i) the glacial/stadial interval, when global temperatures and
terrestrial biomass were relative low, the charcoal particles concentration stay low
(< 1000 particlescm'3) and (ii) the early interglacial/interstadial interval, when global
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temperatures increased and vegetation changed, the charcoal record shows high con-
centrations (> 1000 particles cm'3).

5 Discussion
5.1 Long-term vegetation dynamics at Lake Van

The long-term vegetation dynamics at Lake Van are characterized by several intersta-
dial and stadial stages. According to Jessen and Milthers (1928) and Litt et al. (2014),
interstadial stage indicates an interval of temporary improvement of climate conditions
within a glacial phase, which have been either too short to permit full expansion of
thermophilous trees or too cold to reach the climate optimum of an interglacial period
in the same region. In comparison, stadial stages correspond to cold intervals marked
not only by global but also by local ice re-advances (Lowe and Walker, 1984).

The relevance of insolation for the modern climate system has been widely studied
by Berger (1978) and Berger et al. (2007). In particular, large-scale changes in the
climate system would have affected regional and local atmospheric circulation patterns,
for example, the strength and position of the westerlies in the Northern Hemisphere
(Akcar and Schluchter, 2005). Figure 3a shows that peaks in summer insolation lead
to the onset of interglacial or pronounced interstadials, and therefore, to a spread of
steppe-forest at Lake Van (Litt et al., 2014).

Below, we discuss only major interstadials during the early Weichselian (MIS 5c and
5a) and larger Dansgaard—Oeschger events such as DO 19, 17-16, 14, 12, 8 and
1. All “warm” phases, with favorable conditions for expansion of temperate trees, not
explicitly mentioned in the following also corresponds to climate variability, but are small
compared to the major changes.
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5.1.1 MIS 5d-5a

The early phase of the last glacial (~111-75kaBP) is characterized by two pro-
nounced interstadials (MIS 5a and 5c, Fig. 3). MIS 5c (Brgrup interstadial; ~ 108—
87 kaBP) indicates low amplitude of temperate tree taxa (e.g. deciduous oak), re-
duced desert steppe vegetation, decreased detrital input (Fig. 3c) and commences with
a short-lived episode of light 5180bu|k (—1.84 %o, Fig. 3b). As a result of insolation, the
onset of MIS 5¢ (between ~ 108 to 105 ka BP) shows a similar positive deviation of the
mid-June insolation as the last interglacial (MIS 5e; Berger, 1978; Berger et al., 2007;
Litt et al., 2014; Pickarski et al., 2015). In this regard, Litt et al. (2014) have argued that
positive summer temperature anomalies and negative winter temperature anomalies
during the last interglacial lead to a strong continentality in the eastern Anatolia region.
In accordance with the last interglacial (MIS 5e), the cold- and/or summer-dry adapted
Pinus (Fig. 3e) predominates the interstadial (MIS 5¢) between ~ 103 and 87 ka BP (Litt
et al., 2014; Pickarski et al., 2015). Additionally, changes in seasonal rainfall, inferred
from the transition to a general positive oxygen isotope signature (6 180bu|k > 0 %o since
~ 101 kaBP), have a decisive negative impact on moisture-requiring thermophilous
plants such as deciduous oaks. Therefore, summer-greenQuercus may occur in higher
altitudes (for example at slopes of the Bitlis Massif) caused by increasing; orography
related precipitation values (Litt et al., 2014). As a result, an open oak steppe-forest,
which was predominant during the MIS 5e at Lake Van (Pickarski et al., 2015), did not
become dominant at any time during the last glacial.

Interestingly, microscopic charcoal remains show that fire frequency has an initial
immediate response to climate variability (Fig. 3d). According to previous studies for
the Holocene (Wick et al., 2003) and the last interglacial sequences (Pickarski et al.,
2015), enhanced global temperature and increased moisture availability, providing con-
siderably more fuel for burning due to higher vegetation productivity (especially due to
confiers within MIS 5c, Fig. 3d). During interstadials, the spread of warm-temperate
grassland leads to a greater fire frequency (> 1000 particlescm'3), whereas less mi-
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croscopic charcoal concentration (between 300 and < 850 particlescm‘s) character-
izes an open dry desert steppe landscape (low vegetation density) during stadials (e.g.
MIS 5b; Daniau et al., 2010; Fig. 3d).

Environment conditions of MIS 5a (Odderade interstadial; ~ 85-77 kaBP) are dif-
ficult to resolved due to the eruption of the Incekaya-Dibekli volcano at ~ 80kaBP
(Sumita and Schmincke, 2013). The fragmentary documentation of the vegetation sig-
nal, primarily due to the respective admixture of pyroclastic material (Stockhecke et al.,
2014b), complicates the reconstruction of climate conditions at Lake Van. Neverthe-
less, the brief rising AP levels point to favorable climate conditions and increased mois-
ture availability at the beginning of MIS 5a (Fig. 3e). In contrast to MIS 5b, the temporary
warmer and wetter climate condition in eastern Anatolia promote a the expansion of an
open grassland vegetation on low amplitude, consisting of Poaceae, deciduous Quer-
cus, Betula and the sporadic occurrence of Pistacia cf. atlantica (Fig. 2, Table 1). Pinus,
which was dominant during MIS 5¢c and MIS 5e, was reduced, and thus, is no longer
growing in the vicinity of the lake (less than 4 % by general lower AP percentages,
Fig. 3e). Warm-temperate species, such as deciduous oaks, show similar values as
during MIS 5c. Nevertheless, the assumption of a regeneration of short-term warmer
environmental conditions correlates well with the shift from depleted oxygen isotope
signature (—1.90 %o) to more positive values (1.81 %o, Fig. 3b) associated with reduced
precipitation and/or high evaporation. Furthermore, fire intensity relatively higher than
during MIS 5b (charcoal concentration up to 2000 particlescm_s\; Fig. 3d) as well as
less detrital input (Fig. 3c) support the idea of advancing vegetation cover.

5.2 Abrupt climate changes during MIS 2-4

The general dominance of Artemisia, Chenopodiaceae and Poaceae in the glacial
pollen spectra indicates a wide spread of arid desert steppe vegetation in eastern
Anatolia between ~ 75-12kaBP (Figs. 2 and 3). This steppe vegetation evolves un-
der pronounced continental climate with marked seasonal dryness (Allen et al., 2000;
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Kirschner and Parolly, 2012). In comparison, dry conditions in the northern drainage of
Lake Van, with rainfall less than 300 mma™" (data provided by the Turkish State Mete-
orological Service), are the limiting factor for tree growth and at the same time promot-
ing the expansion of well-adapted dwarf-shrubs steppe vegetation. The total absence
of temperate species (e.g. Uimus, Carpinus cf. betulus) and frost-sensitive taxa (Pista-
cia cf. atlantica, evergreen Quercus) suggest that woodlands as well as remnants of
an oak steppe-forest are restricted to the refugia. Such refugias might be found at the
southern foothills of the Bitlis glaciers, which receives moisture from the Mediterranean
Sea. Furthermore, the south and south-east of the Black Sea Mountains (Euxinian
vegetation) and the Caucasus mountains (Hyrcanian vegetation) serve as refugia due
to increased atmospheric moisture and higher orographic precipitation from the Black
Sea (Bottema, 1986; Leroy and Arpe, 2007; Shumilovskikh et al., 2012). Especially, the
Black Sea region is characterized by mean winter temperatures close to or above 0°C
(Shumilovskikh et al., 2014).

During MIS 4, (~74-60kaBP; PAZ IIb1-lla4), the general decrease of arboreal
pollen (1-14%; mainly deciduous Quercus and Pinus) and high percentages of
Artemisia and Chenopodiaceae reveal rather open landscape dominated by arid
steppe vegetation. The predominance of xerophytic taxa, small variations in the tree
pollen spectra (Fig. 3e), high input of detrital material (of fluvial and/or eolian origin;
Fig. 3c), consistently positive isotope signature (~ 0.77 %. ; Fig. 3b) and decreasing
charcoal concentration (from ~ 1700 to < 400 particles cm™3 ; Fig. 3d) indicate a grad-
ual aridification and cooling in eastern Anatolia after 70 ka. In this regard, low mid-
summer insolation (Berger, 1978; Berger et al., 2007), increased global ice volume
(Shackleton, 1987) and cooler SST (Cacho et al., 2000) combined with the atmospheric
effects of a weakening AMOC (Béhm et al., 2015; Bond et al., 1993), would have con-
tributed to a widespread aridity across the Mediterranean region (e.g. Kwiecien et al.,
2009; Sanchez Goii et al., 2002).

Within MIS 3 (~ 60-28 ka BP; PAZ Ila3—2), the most pronounced oscillations of arbo-
real pollen taxa, demonstrate repeated expansion and contraction of trees, suggesting
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an alternation of warmer, wetter interstadials and cooler, drier stadials. In particular, the
short-term expansion of deciduous Quercus during larger interstadials (DO 19, 17-16,
14, 12 and 8; Fig. 4) points to a brief interruption of the general arid condition and
marks intervals of short-term increased precipitation in the eastern Mediterranean re-
gion. From the evidence of the pollen record, we can infer direct influence of global ice
sheet volume, triggered by the resumption of the AMOC and the associated strong in-
crease in SST (B6hm et al., 2015; Bond et al., 1993; Cacho et al., 2000), which brought
mild conditions from the North Atlantic over large parts of southern Europe (Allen et al.,
1999; Fletcher et al., 2010; Miiller et al., 2011; Sanchez Goii et al., 2002).

The 6'80 signature supports the suggestion of favorable environment by the receipt
of isotopically depleted meltwater supply and/or increased precipitation at the begin-
ning of MIS 3 ((‘)‘180bulk from —1.21 %o up to ~ 1 between ~ 57 and 54 kaBP; Fig. 3b).
We propose that the interval of constantly heavier 5180bu|k values during DO 14 to
12 reflect higher evaporation at Lake Van. Furthermore, variability in Ca/K (Fig. 3c)
and microscopic charcoal remains (Fig. 3b), both mechanically related to changes in
vegetation cover documents the immediately response to rapid climate change. In sum-
mary, almost all interstadials at Lake Van can be linked with Greenland interstadials,
and therefore to global climate changes. However, we have to recognize the occasion-
ally large offsets of our proxy record to the NGRIP sequence (Fig. 4).

The onset of MIS 2 (~ 28-14 kaBP; PAZ lla2) is characterized by very low AP per-
centages (0.5-12%; Fig. 3e, Table 1), indicating an extreme arid, herb-dominated
steppe vegetation (Artemisia, Chenopodiaceae and Poaceae). The fragmentary occur-
rence of deciduous Quercus (Figs. 2 and 3e), the total absence of moisture-requiring
thermophilous plants such as Carpinus cf. betulus and Ulmus, and the increasing dom-
inance of Ephedra distachya-type underline the extensive regional aridity without ma-
jor climate fluctuations during the last glacial maximum (LGM at 21 + 2 ka; Tzedakis,
2007) in eastern Anatolia. Over the MIS 2, especially between ~ 28 and ~ 21 kaBP,
decreased fire frequency (Fig. 3d) is consistent with the fact that global climate was
generally colder (e.g. maximum ice extent) and drier than present, leading to an overall
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reduction in terrestrial biomass production and thus a decrease in fuel availability. Low
Ca/K (Fig. 3c) as well as a drop in 6180bu|k values (up to —1.6 %o ; Fig. 3b) supports the
idea of wide open plains around Lake Van. In this context, insolation changes became
the major driver, with regional climates responding to increased seasonal contrast in
insolation (Fig. 3a; Grootes and Stuiver, 1997; Sanchez Goni and Harrison, 2010; Wolff
et al., 2010).

After the LGM, high mid-June insolation (Fig. 3a), decreasing global ice volume
(Wolff et al., 2010), the resumption of the westerly activity, enhanced precipitation and
locally rising temperatures promote an expansion of an oak steppe-forest at Lake Van
(DO 1 at ~ 14 kaBP; synonymous with the Bolling—Allered warm period; Fig. 5b). How-
ever, the transition from the late-glacial interstadial to the current interglacial (Holocene)
was interrupted by the short-term dry and cold Younger Dryas (YD) climate rever-
sal between ~ 12.8 to 11.6kaBP (Litt et al., 2009; Wick et al., 2003). This event is
well recognizable by the 6180bu,k peak (4.46 %. ; Fig. 3b), by the drop of the char-
coal concentration (< 1000 particles cm™ ; Fig. 3d), as well as by the rapid increase of
arid desert steppe plants (up to 70 %; Fig. 2b). Further details of the late-glacial and
early Holocene pollen record of Lake Van is not considered here, as vegetation and
inferred environmental conditions have been presented in Litt et al. (2009) and Wick
et al. (2003).

5.3 Heinrich Events

The high-frequency vegetation and environmental oscillations in the Lake Van pollen
record show a reproducible pattern of centennial to millennial-scale alternation be-
tween DO interstadials and DO stadials (Fig. 5a; Dansgaard et al., 1993; Grootes et al.,
1993; NGRIP, 2004; Sanchez Goni and Harrison, 2010; Svensson et al., 2006; Wolff
et al., 2010). This pattern origins from rapid oceanic changes, e.g. changes in the sea
surface temperature, and changes in atmospheric circulations of the Northern Hemi-
sphere (Cacho et al., 2000, 1999; Chapman and Shackleton, 1999; Sanchez Goni
et al., 2002). In the Lake Van record, stadials are characterized by a sharp decline of
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arboreal vegetation, indicating a reduction in the available moisture (Fig. 5b). The most
pronounced DO stadials, more precisely, the stadials preceding DO 1, 4, 8, 12 and 17
refer to Heinrich events (HE) 1, HE 3, HE 4, HE 5 and HE 6 (Bond and Lotti, 1995;
Bond et al., 1993; Heinrich, 1988). The reduction of oceanic heat transport (weakening
or shut down of the AMOC; Bond and Lotti, 1995; Broecker, 1994; Cacho et al., 1999)
led to significant cooler Mediterranean SST’s and climate condition in this region (Allen
et al., 1999; Muller et al., 2011; Sanchez Goii et al., 2002; Tzedakis, 2005; Tzedakis
et al., 2004). According to Kwiecien et al. (2009) decreasing atmosphere—sea surface
thermal gradient of the Mediterranean Sea would have caused a reduction in the fre-
quency and strength of storms tracks, which are responsible for an intensifying aridity
in the Eastern Mediterranean region.

However, since tree population was already limited at Lake Van within the last glacial
(low amplitude of AP values), the pollen signal is relatively insensitive to severe climatic
deterioration such as Heinrich events. Minor drops in tree pollen do not necessarily re-
flect a minor climatic decline. Hence, both types of events, Heinrich events and Green-
land stadials, lead to a similar massive reduction of tree taxa (especially by deciduous
Quercus), and therefore cannot be clearly distinguish from an average cooling event
(Fig. 5b). An exception may be provided by the HE 5 (~ 49 kaBP; Fig. 5a). This event,
expressed by a collapse of AP taxa from 10 % to less than 2 % (Fig. 5b) as well as by
a short-term detrital supply (Fig. 3c), shows that the impact of HE 5 was as cold/dry as
the glacial maximum of MIS 4 between 60 and 70 kaBP.

6 Comparison with palynological records from the Mediterranean and Black
Sea region

A regional comparison between Lake Van with pollen records from central (Lago
Grande di Monticchio, Italy; Allen et al., 1999) and eastern Mediterranean region
(Tenaghi Philippon, Greece; Miller et al., 2011), the south eastern Levantine Basin
(Core 9509; Langgut et al., 2011), and from the Black Sea (Shumilovskikh et al., 2014,
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2012) is presented in Fig. 5. Palaeoenvironmental investigation indicates a good match
based on the similar main trends of the major vegetation elements. Climatic connec-
tions between the North Atlantic, Black Sea and different parts of the Mediterranean
region are expressed by minima AP during stadials and by an increase of tree vegeta-
tion during interstadials (Fig. 5a). During the last glacial, slightly wetter climate condi-
tions occurred between 53.6 and 45.2ka (DO 14-12; Fig. 5b, grey bars) in the eastern
Anatolia. According to Mduller et al. (2011), this period was described as the North
African Humid Period (NAHP; ca. 55-49 kaBP), where the anatomically modern hu-
mans (AMH) migrate from Africa over the Levant to Europe. During that time, climate
conditions in eastern Mediterranean were more humid and mild as indicated by a quick
shift from desert-steppe vegetation into semi-arid grassland at Lake Van (AP 10 %;
Fig. 5b) and to open forest vegetation (AP up to 70 %, Fig. 5e) in the Tenaghi Philippon
record (Muller et al., 2011). The marine pollen record from the south eastern Levantine
basin (Fig. 5¢) also points on increasing AP percentages during ~ 56.0 and 44.5 kaBP
(Langgut et al., 2011).

However, there are some differences between the pollen records. More developed
forest exists around the central and eastern Mediterranean Sea and the Black Sea
compared to the Near East. Especially in southern European pollen records (e.g. Lago
Grande di Monticchio and Tenaghi Philippon), thermophilous trees such as summer-
green Quercus were frequently present even during stadials and increased rapidly dur-
ing each interstadial without migrational lags (Fig. 5e and f; Fletcher et al., 2010; Muller
et al., 2011; Tzedakis et al., 2002). At Lake Van, both the nature of migrational lags and
low amplitude of variations in local temperate tree taxa (e.g. deciduous Quercus) sug-
gest a greater distances from refugia, the decreasing effects of the cyclone activity from
the Mediterranean Sea as well as due to their geographical location in higher elevation.
These effects were also perceptible in the Levantine Basin due to minor fluctuations in
the pollen spectra (Fig. 5¢; Langgut et al., 2011). Moreover, it demonstrates a W-E
vegetation gradient from an open temperate forest (including evergreen species) in the
central Mediterranean (Miller et al., 2011) to less arid grassland to the Near East,
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where the availability of precipitation is the limiting factor for the establishment of an
open oak steppe-forest. In summary, this moisture gradient reflects an increasing con-
tinental affect and decreasing influence of the Atlantic Ocean.

7 Conclusions

1.

Our new palynological results show the climatic connection between Lake Van
and the Atlantic Ocean. It reflects the complex underlying drivers of high fre-
quency regional climate and environmental variability cause by seasonal inso-
lation changes, ice sheet dynamics, and ocean circulation in the North Atlantic.

Comparison with Mediterranean and Black Sea pollen sequences demonstrate
the decreasing moisture gradient along W—E Mediterranean due to increasing
continental effect and reduction of the Atlantic Ocean impact.

Dansgaard—Oeschger cycles are clearly recognized in the Lake Van pollen record
as well as in other abiotic proxies. Interstadials are characterized by the spread
of temperate vegetation (e.g. deciduous Quercus), suggesting regional moisture
availability. Stadials can be recognized by the dominance of steppe elements (e.g.
Artemisia, Chenopodiaceae), pointing to cold and increasing aridity.

HEs cannot clearly distinguish from an average cooling event (stadials). They
show a similar impact on vegetation and environment.

The supply of detrital material seems to have a direct response to changes in the
vegetation composition, e.g. the terrestrial supply is low (high authigenic carbon-
ate precipitation) when the vegetation cover in the catchment area is dense. In
contrast, open landscape favors physical erosion including local detrital and dust
input.
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6. Moreover, the fire frequency at Lake Van indicates an immediate link to climate
changes, which is high when global temperature and regional moisture level in-
creases, providing a higher terrestrial biomass production.
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Table 1. Synoptic description of pollen assemblage superzones (PAS) and zones (PAZ).

PAS/  Age Criteria for lower Pollen assemblages (minimum—maximum in %)
PAZ (ka BP) boundary
llal 09.48— Occurrence of Chenopodiaceae (18-49%) — Poaceae (6-33%) —
14.26 Pistacia; Artemisia (6—-33 %) — Ephedra distachya-type (1-11 %)
Quercus> 3 % — dec. Quercus (0—6 %) — Betula (0-3 %) — Pistacia cf.
atlantica (0-2 %) — Juniperus (0—1 %) — Pinus (0-2 %)
lla2 14.26— Quercus < 2% Chenopodiaceae (23-60%) — Artemisia (10-55 %) —
44.80 Poaceae (7—26 %) — Ephedra distachya-type (07 %) —
dec.Quercus (0—4 %) — Pinus (0-2 %) — Betula (0—1 %)
lla3 44.80- Quercus > 2 %; Chenopodiaceae (15-57 %) — Artemisia (12-37 %) —
59.50 Chenopodiaceae Poaceae (10—28 %) — dec. Quercus (0-5 %) — Ephedra
<50% distachya-type (0—3 %) — Betula (0—2 %) — Cyperaceae
(0—2 o/o) — Pinus (0—2 o/o)
lla4 59.50— Chenopodiaceae Chenopodiaceae (29-64 %) — Artemisia (12—31%)
67.72 >50% — Poaceae (6-22%) — Betula (0—-1%) — Ephedra
distachya-type (0-1 %) — Pinus (0—1 %) — dec. Quercus
(0-1%)
lIb1 67.72— Quercus > 5 %; Artemisia (16—-40%) — Chenopodiaceae (8-57 %) —
84.91 Chenopodiaceae Poaceae (7-35%) — dec. Quercus (0—-12%) — Pinus
<50% (0-9 %) — Betula (0-5 %) — Ephedra distachya-type (0—
2 %) — Juniperus (0-1 %)
lIb2 84.91- Pinus < 20 %; Chenopodiaceae (44—62 %) — Artemisia (11-23 %) —
87.24 Chenopodiaceae Poaceae (7-12%) — Pinus (0-16 %) — dec. Quercus
> 50 % (0—4 %) — Betula (0—1 %) — Ephedra distachya-type (0—
1 %)
llla 87.24— Pinus > 20 %; Pinus (7-61%) — Poaceae (8-29 %) — Artemisia (5—
102.67 Chenopodiaceae 25 %) — Chenopodiaceae (3-50 %) — dec. Quercus (3—
<20% 15%) — Betula (0-2%) — Alnus (0—1%) — Ephedra
distachya-type (0—-1 %) — Juniperus (0-1%) — Pistacia
cf. atlantica (0—1 %)
Ilib 102.67—  Chenopodiaceae Chenopodiaceae (14-57 %) — Poaceae (8—22%) —
111.70 >20% Artemisia (7-36 %) — dec. Quercus (1-9 %) — Pinus (0—

22 %) — Juniperus (0-5 %) — Betula (0-4 %) — Ephedra
distachya-type (0-3%) — Fraxinus (0-1%) — Pistacia
cf.atlantica (0—1 %)
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Figure 1. (a) Location of Lake Van in eastern Anatolia (Turkey) and (b) the bathymetry of Lake
Van including the main ICDP drill site Ahlat Ridge (AR, black star). Major cities (black dots)
and rivers are represented. The black triangle indicates the positions of the active volcanoes
Nemrut and Siphan. The Bitlis Massif in the south towers up to 3500 ma.s.l.
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Figure 2. Pollen diagram for the analyzed last glacial period from the Ahlat Ridge composite
profile plotted against age (ka BP) and depth (mcblf-nE; meter composite below lake floor-no
Event). (a) Selected arboreal pollen (AP) taxa in percent (gray) including arboreal/non-arboreal
ratio (AP /NAP) as well as selected pollen concentration [grains cm™2in red bars] of the mostim-
portant taxa discussed in the text; charcoal p&ﬁielesj@ma x 100] and non-pollen palyngporphs
(NPP) such as Pediastrum [cm? x 100] and dinoflagellates-[cm® x 10] are shown in black bars;
(b) selected non-arboreal pollen percentages as well as pollen concentration. An x10 exag-
geration line (gray) of the horizontal scale is used to show changes in low percentages. PAS —
Pollen assemblage superzone; PAZ — Pollen assemblage zone.
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Figure 3. Comparative study of Lake Van palaeoenvironmental sequence spanning the last
glacial-interglacial cycle. (a) Mid-June and mid-January Insolation at 40°N (Berger, 1978;
Berger et al., 2007); (b) Lake Van oxygen isotope record [ 180bulk in %o PDB] of autochthonous
precipitated. Shown is the temperature (7)) and isotopic composition (6180W) of epilimnion; (c)
calcium/potassium ratio (Ca/K) after Kwiecien et al. (2014); (d) microscopic charcoal concen-
tration [partic:lesc:m‘3 x 100, this study]; (e) selected Lake Van arboreal pollen percentages (AP,
Pinus, Quercus; this study, Pickarski et al., 2015). MIS — Marine Isotope Stage; PAZ — Pollen

Age [ka BP]

assemblage zone.
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Figure 4. The longest Dansgaard—Oeschger events DO 8, DO 12, DO 14, DO 16-17 and DO
19 are plotted in extra graphs, demonstrating a good connection of eastern Anatolia vegeta-
tion dynamics and environmental conditions between the Greenland ice cores (NGRIP, 2004),
calcium/potassium ratio (Ca/K) after Kwiecien et al. (2014), microscopic charcoal concentra-
tion [particlescm‘3 x 100, this study], selected Lake Van arboreal pollen (AP, Pinus, Quercus
in %, this study). The term “Steppic taxa” includes only major dry-adapted plants such as
Chenopodiaceae and Artemisia.
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Figure 5. Regional comparison of vegetation dynamics and climate variability in central and
eastern Mediterranean area and Black Sea region concerning Dansgaard—Oeschger cycles
(DO) and Heinrich events (HE). (a) 6180-profile from NGRIP ice core, Greenland (NGRIP,
2004), labelled with DO 1 to 19 and HE 1 to HE 6 (Bond et al., 1993); (b) Lake Van arbo-
real pollen record [AP in %, black line] with x10 exaggeration (gray line); (¢) marine arboreal
pollen record (Core 9509) obtained from the south eastern Levantine Basin (south eastern
Mediterranean Sea; Langgut et al., 2011); (d) AP record from the SE Black Sea (Core 22-GC3
for the period from 10—-18 kaBP after Shumilovskikh et al. (2012) and sediment core 25-GC1
for the sequence between 19 and 63 kaBP (Shumilovskikh et al., 2014)). (e) Arboreal pollen
record from Tenaghi Philippon, Greece (Mdller et al., 2011); (f) AP record from Lago Grande di
Monticchio, southern Italy (Allen et al., 1999). MIS — Marine Isotope Stage.
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