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View of the Black Sea coast near Trabzon, showing sediment transport from land to sea
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Abstract

ABSTRACT

As a part of the multidisciplinary project “Dynamics of Mid-latitude/Mediterranean
climate in Northern Anatolia/Black Sea region during the last 150 kyr”, this research presents
new pollen and organic-walled dinoflagellate cyst records from the SE Black Sea for the
penultimate deglaciation — Eemian (134-119 ka), last glacial (64-23 ka) and last deglaciation
— Holocene (18 ka — present) periods. The reconstruction is based on the records from the
sediment cores 22-GC3, 22-GC8 and 25-GC1, and provides information on vegetation
successions in Northern Anatolia and on changes in the Black Sea sea-surface conditions.

The pollen data reveal the dominance of Artemisia steppe in Northern Anatolia during
glacial stadials, suggesting rather dry/cold conditions. Temperature and humidity increased
during the last and penultimate deglaciations and the last glacial interstadials, which is clearly
indicated by development of oak and pines forests. This development can be explained by
northwards movement of the summer position of westerlies. The onset of the interglacial
conditions in Northern Anatolia is reflected by establishment of euxinian forests. The main
difference in both interglacial pollen records is the relatively high amount of the
submediterranean Ostrya-type during the Eemian, indicating warmer summer temperatures,
compared to the Holocene. The wide distribution of Fagus in Northern Anatolia during the
Eemian contrasts with the European records and could be explained by climatic and genetic
factors. Pollen assemblages indicate a reduction in forest cover after 5 ka BP, possibly caused
by an increased anthropogenic pressure on the vegetation.

The dinocyst record indicates lacustrine conditions in the Black Sea during the glacials
and shows a change from freshwater/brackish assemblages (Pyxidinopsis psilata, Spiniferites
cruciformis) to more marine assemblages (Lingulodinium machaerophorum, Spiniferites
ramosus complex) in the Eemian and the Holocene, due to the inflow of saline Mediterranean
water. Dinoflagellate cyst assemblages (Tuberculodinium vancampoae, Spiniferites
pachydermus, S. mirabilis, Bitectatodinium tepikiense) suggest relatively high sea-surface
salinity (~28-30) and sea-surface temperatures during the Eemian, comparing to the Holocene
(~15-20). The establishment of high sea-surface salinity during the Eemian correlates very
well with relatively high global sea-level and is explained as a combined effect of increased
Mediterranean supply and increased evaporation at the beginning of the last interglacial.

The first results of the comparison of pollen spectra from surface of the Black Sea core
22-GC3 with such from surface samples collected in Northern Anatolia suggest that the main
pollen source area for cores 22-GC3/8 is the adjacent coastal regions of Northern Anatolia

and adjacent northern slopes of the Pontic Mountains.



Introduction

INTRODUCTION

1. Background

The modern global warming phenomen has stimulated increased interest in past climate
dynamics and induced the collection of new data, as well as model developments to better
understand the present and predict future climate dynamics (Otto-Bliesner et al., 2006; Meehl
et al., 2007; Hederl and Russon, 2011). In this respect, the last interglacial (Eemian) with a
duration from ~130+1 to 11641 ka (Jansen et al., 2007) is often considered as a possible
scenario of climatic changes in the near future (Kukla et al., 2002; Otto-Bliesner et al., 2006).
During this period, ~2°C higher than modern global temperatures caused intensive melting of
glaciers, which led to a ~4-6 m higher than present sea-level (Cuffey and Marshall, 2000;
Otto-Bliesner et al., 2006; Rohling et al., 2007). Present rapid climate changes also prompts
another important question about the rate and amplitude of ecosystem reactions to similar
abrupt changes in the past (Wunsch, 2006; Jansen et al., 2007). Repeated abrupt climate
changes occurred throughout the last glacial interval and have been clearly detected by ice,
terrestrial and oceanic climate records (Rahmstorf, 2002; Jansen et al., 2007). The most
drastic of such changes were the Dansgaard-Oeschger (D-O) events, detected in Greenland ice
cores (Dandgaard et al., 1993; Grootes et al., 1993) and characterized by 8 to 16°C warming
in Greenland occurring over a few decades, followed by cooling (Rahmstorf, 2002; Masson-
Delmotte et al., 2005; Jansen et al., 2007). Rapid cooling is also indicated by diagnostic ice-
rafted detritus (IRD) in the ocean sediments and known as Heinrich events (HE) (Heinrich,
1988; Hemming, 2004), which are correlated to D-O stadials (Bond et al., 1993; Bond and
Lotti, 1995). HE were caused by large discharges of icebergs into the northern Atlantic,
leading to a reduction in sea-surface salinity and surface cooling, and lasted hundreds to
thousands of years (Bond and Lotti, 1995; Rahmstorf, 2002; Jansen et al., 2007). Although
reasons for D-O and H events are still under discussion, both events are related to changes in
thermohaline circulation and wind systems and had pronounced effects on the
palaeoenvironment in Europe (Bond et al., 1993; Bond and Lotti, 1995; Sanchez-Goiii et al.,
2002; Wunsch, 2006; Fletcher et al., 2010).

New insights on the impact of global palaeoclimate changes on regional scales are
provided by studies on high-resolution palaeoarchives from different regions, especially in so-
called key regions. These are influenced by two or three different climatic systems and
therefore reacted extremely sensitively to palaeoclimatic and palaeoenvironmental changes on
both global and regional scales. Marine archives are of particular interest as they provide the
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possibility of land-sea correlations and deciphering of leads and lags of ecosystem reactions
(Shackleton et al., 2003). One of the key regions is the Mediterranean (Fig. 1), which is
influenced by both low and high-Ilatitude climatic systems (e.g. Sanchez-Goiii et al., 2002).
Atmosphere-ocean-land palaeoclimate studies have been successfully performed in the
western and central Mediterranean region and demonstrate the close link of Mediterranean
climate to the North Atlantic ocean-atmosphere system during the last interglacial (Sanchez-
Goni et al., 1999, 2005), the last glacial cycle (Cacho et al., 2000; Sanchez-Goni et al., 2000;
Combourieu-Nebout et al., 2002; Moreno et al., 2002; Sanchez-Goiii et al., 2002; Moreno et
al., 2004, 2005) and the last glacial-interglacial transition (Cacho et al., 2001, 2002).

Atlantic
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Fig. 1. Map of the Mediterranean region (map source: screenshot from NASA World Wind,
download from www.wikipedia.org).

In contrast, in the Eastern Mediterranean region multi-proxy records providing detailed
information on ocean-atmosphere-land interaction are sparse. The most long-term
palaeoenvironmental studies are based on data from lakes (Tzedakis, 2007) and can be used
only for indirect land-sea correlations. Foraminiferal 50 and pollen records from the only
continuous marine sequence MD84627 cover the last 250 ka, and suggest that the regional
climate of the Levantine Basin borderlands had the same temporal pattern as the global ice
volume, documented by the ice volume curve (Cheddadi and Rossingol-Strick, 1995).
However, low temporal resolutions do not allow the study of palaeoclimate variability in
detail. More detailed palaeorecords from the region exist for the last glacial-interglacial
transition and the Holocene. However, pollen (Bottema et al., 1995; Kotthoff et al., 2008; Litt
et al, 2009; Miller et al., 2011), mountain glaciers (Sarikaya et al., 2008) or
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geomorphological records (Roberts, 1983; Bartov et al., 2003) show opposite moisture trends.
The compilation and explanation of these contracsting records remains challenging. In order
to provide new high-resolution multi-proxy records for palaeoclimatic and other
palaeoenvironmental reconstructions in the Eastern Mediterranean region, the DFG project
“Dynamics of Mid-latitude/Mediterranean climate in Northern Anatolia/Black Sea region
during the last 150 kyr” was established. The basis for this reconstruction is provided by
several sediment cores from the SE Black Sea basin, taken during coring operations in 2005
and 2007. The cores cover the time period since the penultimate glacial-interglacial transition
~ 134 ka BP until the present.

2. Previous palaeostudies from the Black Sea and surrounding regions

2.1. Pleistocene evolution of the Black Sea basin

The first Pleistocene palaeostudies of the Black Sea sediments were carried out by N.I.
Andrusov (1890), who documented the Caspian mollusc fauna in the Black Sea deep-sea
sediments and suggested its connection to the Caspian Sea in the past. Further geological and
stratigraphical studies were carried out mainly on cross-sections on the Black Sea coast, e.g.
A.D. Arkhangel’skii and N.M Strakhov (1938), L.A. Nevesskaya (1965), P.V. Fedorov
(1978), A.A. Svitoch (2003). The information about Quaternary deposits in the basin was
obtained after cruise 49 on research vessel Atlantis in 1969 (Ross and Degens, 1974) and
cruise 42 on drilling vessel Glomar Challenger in 1975 (Ross et al., 1978; Neprochnov,
1980). All these geological studies revealed that the Pleistocene history of the Black Sea has a
complicated character due to connections with Caspian Sea on one side, and the
Mediterranean on the other (Fig. 2). During glacial periods, when global and Mediterranean
sea-level was below the depth of the Bosphorus sill, the Black Sea was cut off from the
Mediterranean Sea (Fig. 2) and turned into a giant freshwater/brackish lake (Ross et al., 1978;
Neprochnov, 1980; Svitoch, 2008; Badertscher et al., 2011). In contrast, during interglacial
periods and high global sea levels, saline Mediterranean water spilled into the Black Sea (Fig.
2) and salinity in the Black Sea substantially increased. Several of these drastic hydrological
changes from a freshwater/brackish into a brackish/marine stage are documented in
sedimentary sequences (Ross et al., 1978; Neprochnov, 1980; Svitoch, 2008) and suggested
by speleothems (Badertscher et al., 2011).

The last intrusion of Mediterranean water into the Black Sea took place at the beginning
of the Holocene (~9.3 ka BP; Bahr et al., 2008) and was a subject of numerous discussions in
the media, initiated by the book of Ryan and Pittman ‘“Noah’s Flood: the new scientific
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discoveries about the event that changed history”, published in 1998. The authors suggested
that the Biblical Flood is a historical description of a catastrophic event that took place on the
Black Sea coast. They argued that in the early Holocene, the sea-level of the Black Sea was
much lower than present and its coasts were settled by people. The global sea-level rapidly
reached the Bosphorus and led to an abrupt discharge of Mediterranean water into the Black
Sea basin, leading to a rapid and catastrophic increase in the Black Sea level and the drowning
of people.

full glacial phase

Sea of
w Black Sea
B

osphoru

Nnych Caspian Sea

glacier melting phase melt water
melt water
(and Caspian outflow) ¥
7
Black Sea outflow .
Manych Caspian Sea

Black Sea

interglacial phase

two-way connection

-«

, Manych Caspian Sea

Sea of Black Sea

Marmara

osphoru

Fig. 2. Simplified Pleistocene history of the Black Sea basin with three main phases (Svitoch
2008): full glacial phase without connections to the Mediterranean or Caspian Seas; melt
water input during glacier melting phase led to increase of the sea-level of Caspian and Black
Seas, their possible connection and outflow from the Black Sea into the Mediterranean;
during the interglacial phase, high global sea-level caused two-way Black Sea-Mediterranean
connection.

In order to confirm or disprove the “Noah’s flood hypothesis”, the last Mediterranean
intrusion has been intensively studied. As a result, numerous biological, sedimentological and

geochemical sediment records provide detailed information on the hydrological state of the
5
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Black Sea for the last 25 ka (e.g. Bahr et al., 2005, 2006; Lamy et al., 2006; Yanko-Hombach
et al., 2007; Bahr et al., 2008; Kwiecien et al., 2008, 2009; Buynevich et al., 2011) and
revealed a gradual, non-catastrophic reconnection. All these and other recent studies (Lamy et
al., 2006; Nowaczyk et al., 2012) demonstrate the unique potential of the Black Sea sediments

for high-resolution palaeoclimatic and palaeoenvironmental reconstructions.

2.2. Pollen records from the Black Sea and surrounding regions

There are plenty of pollen records from the Black Sea and surrounding regions,

covering the last glacial and the Holocene (Fig. 3).
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Fig. 3. Physiographic map of the Black Sea region showing locations of the late-glacial —
Holocene pollen records from the Black Sea and surrounding region. Light-blue circles
indicate undated marine cores, dark-blue — dated marine records, yellow — undated terrestrial
records, green — dated terrestrial records, red stars show locations of the studied marine core
22-GC3 and of the Sofular Cave. Map sources: www.bgr.de, www.nowcoast.noaa.gov,
www?2.demis.nl.

In spite of this amount, only 9 (5 marine and 4 terrestrial) from all 126 pollen records
continuously cover the deglaciation and the Holocene (at least the last ~15-16 ka) (Table 1).
From these continuous records, only one terrestrial profile, Steregoiu from the Carpathian
mountains (Nr 114 in Fig. 3 and Table 1) (Bjorkman et al., 2003), has a good age-depth model
based on 17 radiocarbon dates. Five records (2 marine and 3 terrestrial) have 1-4 radiocarbon

dates and the remaining three marine records are not dated at all (Table 1).


http://www.bgr.de/
http://www.nowcoast.noaa.gov/
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Table 1. Site information on the late glacial — Holocene pollen records from the Black Sea and

surrounding regions (Fig. 3).
14
Nr  Pollen record Lat Long Alt ¢ Age Sediment  Reference
dates interval*
Black Sea
1 Soz-F 42.43 2769 -5 ? 0-7 marine Filipova-Marinova, 2006
2 Soz-D 4243 2770 -44 1 5-8 marine Filipova-Marinova, 2006
3 Urd-F 4223 27718 -16 ? 4-6 marine Filipova-Marinova, 2006
4 85 4207 2813 96 0 512 marine  lpova et al, 1983 Filipova-
Marinova, 2006
5 MAR 02-45 4170 28.30 -69 3 0-9.4 marine Mudie et al., 2007
6 2345 4240 2832 -122 *? 0-30 marine Filipova-Marinova, 2006
7 G143 41.97 28.48 -90 0 0-10 marine Atanassova and Bozilova, 1992
g 84 4207 2852 92 0 012 marine  iipova et al, 1983; Filipova-
Marinova, 2006
. Bozilova et al., 1992; Shopov et al.,
9 XK120 4175 2855 -94 1 0-15 marine 1092: Atanassova, 2005
10  3-Apr 4353 28.63 -61 0 5-870 marine Filipova-Marinova, 2006
. Filipova et al., 1983; Filipova-
11 19 4295 28.65 -850 O 0-9 marine Marinova, 2006
12 XK147 43.32 29.03 -1425 0 0-10 marine Atanassova and Bozilova, 1992
13 G142 42.02 29.03 -1500 O 0-10 marine Atanassova and Bozilova, 1992
14 18 4338 29.20 -160 *? 0-8 marine Filipova-Marinova, 2006
. Bozilova et al., 1992; Shopov et al.,
15  XK55 42.00 29.25 -1470 1 0-10 marine 1092: Atanassova, 2005
16  A159 42.33 29.33 -1950 3 0-12 marine Atanassova, 2005
. Bozilova et al., 1992; Shopov et al.,
17 E26 42.83 2950 -2260 2 0-11 marine 1992: Atanassova, 2005
18 544 42.08 2957 -2500 3 012 marine  Dozlova et al, 1992 Filipova-
Marinova, 2006
. Bozilova et al., 1992; Shopov et al.,
19 XK71 4372 30.00 -520 1 0-10 marine 1092: Atanassova, 2005
20 1 42.88 31.12 -2130 ? 0-12 marine Filipova-Marinova, 2006
21 1444 43.80 31.75 -1597 O 0-20 marine Koreneva and Kartashova, 1978
22 1433 4408 35.00 -2225 0 0-11 marine Koreneva and Kartashova, 1978
23  B-7 4250 36.80 -2120 3 0-9.5 marine Mudie et al., 2002a; Mudie et al., 2007
24 1474 4220 37.80 -2117 O 0-25 marine Traverse, 1974
25 Gudauta 521 43.10 4063 -318 O 0-10 marine Shatilova et al., 2011
26 é‘lklha“ Atheni 4307 4082 -147 0 0-10 marine  Shatilova etal., 2011
27  Sokhumi 36 43.00 41.00 0 1 0-20 marine Kvavadze and Rukhadze, 1989
28 Sokhumi 721 43.00 41.00 -149 2 0-10 marine Kvavadze and Rukhadze, 1989
. . Kvavadze and Rukhadze, 1989;
29 Sokhumi 723 43.00 41.00 -98 4 0-10 marine Shatilova et al., 2011
30  Kobuleti 39 4182 4175 0 0 0-8 marine Shatilova et al., 2011
Anatolia
31 BafaSé 3748 2742 0 3 0-2.7 lake Knipping et al., 2008
32  Bafasl 3750 2750 0 2 0-4 lake gfulzlgg}é"ffet al., 2004; Knipping et
33  Koycegis Goli 36.87 28.64 0 2 0-5 lake Van Zeist et al., 1975
34  Ova Goli 36.75 2933 0 2 0-6 lake Bottema and Woldring, 1984
35  Yenisehir Goli 4022 2940 250 O 0-10 lake Bottema and Woldring, 1995a
o Bottema and Woldring, 1984;
36  Golhisar 37.13 29.60 930 8 0-11cal lake Eastwood et al., 2007
37 Sogiit Goli 37.05 29.88 1393 2 0-30 lake Van Zeist et al., 1975
38 Elmali 37.07 2989 930 O 0-4 lake Bottema and Woldring, 1984
39  Avlan Goli 36.58 29.95 1043 O 0-8 lake Bottema and Woldring, 1984
40  Pinarbasi 37.47 30.05 980 2 0-6 lake Bottema and Woldring, 1984
41 Bereket 3754 30.29 1410 11 0-35 alluvial fan  Kaniewski et al., 2007
42  Gravgaz G96 37.47 30.33 1000 3 0-2.5 peat Vermoere et al., 2002
43  Gravgaz G99 37.47 30.33 1000 6 0-2.5 peat Vermoere et al., 2002
44  Kiicik Goli 40.87 30.43 50 2 0-3 lake Bottema et al., 1995
45  Canakh 3750 3050 1000 O 0-35 lake Bottema and Woldring, 1995b
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46  Canakli 37.50 30.50 1000 O 0-2.4 lake Vermoere et al., 2002
47  Akgol Adatepe 41.03 30.57 50 1 0-0.9 lake Bottema et al., 1995
g Karamik 3842 3080 1000 2 0-20 peat Van Zeist et al., 1975
Batakligi
49  Hoyran Goli 38.27 30.87 916 1 0-4 lake Van Zeist et al., 1975
50 Melen Goli 40.77 31.05 125 1 0-3 lake Bottema et al., 1995
51  Abant Goli 40.60 31.27 1298 O 0-4 lake Beug, 1967
52  Abant Goli 40.60 31.28 1300 5 0-10 lake Bottema et al., 1995
53  Beysehir Goli 3754 3150 1120 2 0-8 lake Van Zeist et al., 1975
54  Beysehir Gola I 3754 3150 1120 1 8-15 lake Bottema and Woldring, 1984
55  Yenicaga Golii 40.77 32.02 976 2 0-5.3 lake Beug, 1967
56  Yenicaga Goli 40.78 3233 976 5 4-13 lake Bottema et al., 1995
57 ékri‘g’ii;*dabag 3752 33.78 1000 3 6-13 peat Bottema and Woldring, 1984
58  Seyfe Goli 39.30 3440 1080 O 1-2 lake Bottema et al., 1995
59  Tuzla Goli 39.03 3582 900 O 0-3 lake Bottema et al., 1995
60 Ladik Golu 4092 36.02 800 4 0-14 lake Bottema et al., 1995
61  Tath Goli 4158 36.07 0 1 0-6 lake Bottema et al., 1995
62  Kaz Goli 40.28 36.15 500 2 0-8.7 lake Bottema et al., 1995
63  Biiyiik Golii 39.87 37.38 1300 O 0-1 lake Bottema et al., 1995
64  Demiryurt G6li  39.73 37.38 1300 1 0-2 lake Bottema et al., 1995
65  Golbasi 37.75 37.66 890 1 0-3 lake Van Zeist et al., 1970
66 Bozova 37.35 3852 890 1 0-2.6 lake Van Zeist et al., 1970
67 i“grgg‘;;' 40.91 4029 1887 0 0-9 peat Aytug etal., 1975
68  Sogitli 38.65 42.08 1500 3 0-7.3 peat Bottema, 1995
69 Van 38.08 43.00 1646 varves 0-9.8cal lake Van Zeist and Woldring, 1978
70 Van90-4 3860 4312 1648 varves 00 lake Wick et al., 2003
Caucasus
Kvavadze and Rukhadze, 1989;

71  Gagra47l 4330 4025 5 2 0-10 peat, clay Shatilova et al., 2011
72 Gagra 607 43.27 4027 0 2 4-6 marine Kvavadze and Rukhadze, 1989
73 Bathing Chamois 43.63 40.53 2485 2 0-5 lake Kvavadze and Efremov, 1994
74  Gudauta 120 43.08 40.62 0 1 0-11 clay Kvavadze and Rukhadze, 1989
75  Akhali Ateni 182 43.07 40.82 60 0 5-7 clay, peat  Kvavadze and Rukhadze, 1989
76  Luganskoe 43.38 40.68 2428 2 0-5 peat Kvavadze and Efremov, 1996

. . alluvial Kvavadze and Rukhadze,1989;
77  Akhali Ateni55  43.07 40.82 0 2 5.2-6.8 terrace Kvavadze and Connor, 2005
78 Chamlukh 43.18 41.03 1650 1 0-4 peat Yazvenko, 1994
79 Dzigutal 4298 41.08 120 9 9-29 peat, gyttja  Arslanov et al., 2007
80 Dziguta 75 4298 41.08 120 5 37-48 peat, gyttja  Arslanov et al., 2007
81 Bluzovie 43.63 41.12 2884 O 0-4 paleosoil Kvavadze and Efremov, 1996
82  Kvartsevoe 43.63 4112 2726 1 0-6 peat Kvavadze and Efremov, 1996
83  Rybnoe 43.65 4115 2151 2 0-2 peat Kvavadze and Efremov, 1996
84  Adange 4328 4128 1750 3 0-3 peat Kvavadze and Rukhadze, 1989
85  Amitkel 4325 4128 1830 2 0-2 peat Kvavadze and Rukhadze, 1989
86  Sibista 4323 41.43 2160 2 0-2 peat Kvavadze and Rukhadze, 1989
87  Ispani-II 4186 4180 2 3 0-5.7 peat Connor et al., 2007
88  Imnatianlake 4210 4182 2 4 0-7 peat e shtadt etal., 1965; Shatilova et

alluvial

89 Supsa 2 42.02 41.83 10 1 0-2 terrace Kvavadze and Connor, 2005
90 Malyi Khodzhal 4295 41.92 2030 1 0-1.2 peat Kvavadze and Rukhadze, 1989
91 Imera 41.65 44.22 1610 4 0-7 lake Kvavadze and Connor, 2005
92 Bazaleti B 42.03 44.68 875 1 0-3 lake Kvavadze and Connor, 2005
93  Tarskoe 4295 4472 835 0 0-6 peat Neustadt, 1955
94  Tianeti 42.07 4495 1200 O 0-10 lake Tumadzhanov and Margalitadze, 1961
95  Nasadgomari 4165 4547 410 O 0-10 lake Gogichaishvili, 1962
Russian Plain
96  Kharabuluk 47.77 44.43 70 10 0-7 peat Kremenetski et al., 1999
97  Lipigi 4955 4343 160 9 0-5.3 peat Kremenetski et al., 1999
98  Duhovoe 50.36 40.24 100 2 0-35 paleosoil Spiridonova, 1991
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99  Gavrilovo-84 50.36 40.24 100 8 0-12 paleosoil Spiridonova, 1991

100 Gavrilovo-86 50.36 40.24 100 6 4-10 paleosoil Spiridonova, 1991

101 Shkurlat-2 50.36 40.24 100 3 8-15 peat Spiridonova, 1991

102 Nosovo-1 4730 39.30 6 0 0-130 paleosoil Spiridonova, 1991

103 Malyi Luzhok 51.42 39.10 96 0 0-8 paleosoil Spiridonova, 1991

104 Kostenki-1 51.42 39.02 96 2 21-24 paleosoil Spiridonova, 1991

105 Kostenki-8 51.40 39.02 96 1 27 paleosoil Spiridonova, 1991

106 Kostenki-17 51.38 39.02 96 2 26-32 paleosoil Spiridonova, 1991

107 Rozhok-1 47.33 39.00 5 0 40-50 paleosoil Spiridonova, 1991

108  Lupishki-2 53.87 3849 150 5 0-10 peat Spiridonova, 1991

109 Kardashinski 46.52 32.62 20 7 0-8 peat Kremenetski, 1995

110 Dovjokk 48.75 2825 244 9 0-7 peat Kremenetski, 1995
Carpatian

111 Preluca Tiganului 47.81 2353 730 6 0-12 cal  peat Feurdean, 2005

112  Preluca Tiganului 47.81 2353 730 12 Ej-lS peat Bjorkman et al., 2002
113 Steregoiu 4781 2354 790 7 9-15cal  peat Bjorkman et al., 2002
114  Steregoiu 4781 2354 790 17 0-15cal  peat Bjorkman et al., 2003
115 Padis Sondori 4659 2273 1290 8 0-6.5cal peat Feurdean et al., 2009
116 Calineasa 46.56 22.82 1360 10 0-7 cal peat Feurdean et al., 2009
117 Mohos 1 46.08 25.92 1050 20 0-10 peat Tantau et al., 2003

118 Mohos 2 46.08 2592 1050 6 0-9 peat Tantau et al., 2003
Balkans

119 Durankulak 43.67 2853 0 5 0-45cal lake Marinova and Atanassova, 2006
120 Bolata Lake 4339 2847 0 5 0-6 cal lake Tonkov et al., 2011

121 E‘;}’gg’lg\?‘;‘;ﬁe& 4318 2765 0 2 0-8 lake Bozilova and Beug, 1994
122 grksee”a'a' vama 4317 2780 0 4 0-8 lake Bozilova and Beug, 1994
123 Core 149 4267 2797 16 4 0-10 tr::f;ce Filipova-Marinova, 2006
124 Arkutino Lake 42.38 27.70 20 11 0-6.2 lake Bozilova and Beug, 1992
125 Panigishte 42,25 23.28 1500 4 0-10 peat Bozilova, 1975

126 Praso 4183 2350 875 4 0-8 peat Stefanova and Oeggl, 1993

Footnote: * age is given in uncalibrated radiocarbon years, calibrated ages are indicated as “cal”.

For the Eemian interval, there is only one marine record from the Black Sea and 7
terrestrial records from the region (Fig. 4, Table 2). The ages of all records were defined
stratigraphically. From these records, the Tenaghi Philippon (Wijmstra, 1969) and Staro
Orjachovo (Bozilova and Djankova, 1976) records have relatively high resolution and were
correlated with the European pollen records.
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Fig. 4. Physiographic map of the Black Sea region showing locations of the marine core 22-
GC3/8 (red star) and the Eemian pollen records from the Black Sea and surrounding regions
(yellow circles). Map sources: www.bgr.de, www.nowcoast.noaa.gov, wwwz2.demis.nl.

Table 2. Site information for Eemian records from the Black Sea and surrounding regions
(Fig. 4).

Site Lat, N Long, E Alt, m  Material Reference

379A 43°00.29' 36°00.68' -2173 marine Koreneva and Kartashova, 1978
Staro Orjachovo* 43°00' 27°48' 50 lake/river BozZilova and Djankova, 1976
Nosovo-1* 47°18' 39°18' 6 paleosol Spiridonova, 1991

Horga* 42°00' 41°50' 8 terrestrial Shatilova, 1974

Kobuleti* 41°49' 41°46' 7 terrestrial Shatilova, 1974

Urmia 37°32' 45°05' 13159 lake Djamali et al., 2008

Tenaghi Philippon  41°10' 24°20' 40 peat Wijmstra, 1969

Kopais 38°26.27' 23°03.02' 92.4 lake Tzedakis, 1999

Footnote: * — geographical coordinates of sites are not reported in the original publication and were
georeferenced using gazetteers.

2.3. Dinoflagellate cyst records from the Black Sea

The pioneering studies of Wall et al. (1973) and Wall and Dale (1974) on organic-
walled dinoflagellate cysts (=dinocysts) provided the first biostratigraphic distribution and
palaeoecological relationships of dinocysts for the late Pleniglacial and the Holocene in the
Black Sea. A number of sediment cores mainly from the southern part of the Black Sea basin
(Fig. 5, Table 3) have highlighted the great potential of dinocysts to estimate sea-surface
conditions during the late glacial and the Holocene (Wall et al., 1973; Wall and Dale, 1974;
Mudie et al., 2001, 2002b, 2004; Atanassova, 2005; Filipova-Marinova, 2006; Mudie et al.,
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2007; Marret et al., 2009; Verleye et al., 2009; Mertens et al., 2012). So far, there is no single

dinocyst record from the Black Sea for the last interglacial.
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Fig. 5. Physiographic map of the Black Sea region showing locations of the investigated core
22-GC3 (red star) and marine records of dinocysts (black circles). Map sources: www.bgr.de,
WWW.Nowcoast.noaa.gov, www2.demis.nl.

Table 3. Site information for dinocyst records from the Black Sea (Fig. 5)

Site Lat, N Long, E depth, m Reference

MARO02-45 41°41' 28°19' 65 Marret et al., 2009
1474P 42°23' 37°37' 2114 Wall et al., 1973

2345 42°24' 28°19' 122 Filipova-Marinova, 2006
B7 42°3(0' 36°48' 2120 Mudie et al., 2002b
GeoB 7625-2 41°27 31°04' 1242 Verleye et al., 2009

3. Motivation and aims

The main task of the presented work was to carry out palynological studies on cores
from the SE Black Sea, covering the last 134 ka, in order to provide vegetation and
environmental changes in Northern Anatolia/Black Sea region during this period. Thereby,
pollen and spores are used for reconstruction of the vegetation, environment and climate
changes in Northern Anatolia. Additional studies on organic-walled dinoflagellate cysts
(dinocysts) provide information about sea-surface conditions in the Black Sea.
Palaeoenvironmental reconstructions of both records are discussed with regard to fungal

spores and non-pollen palynomorphs, giving additional information on palaeoenvironmental
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conditions. In order to provide land-sea correlations, records are directly compared to each
other.

Due to a special focus of the research on conditions in Northern Anatolia during the
Eemian and Holocene as well as abrupt changes during deglaciations and glacial cycle, the
main research questions of the presented studies can be summarized as followed:

o What kind of vegetation development occurred during the Eemian and the
Holocene in Northern Anatolia?

o How did the sea-surface conditions of the Black Sea change during the last
interglacial in comparison to the Holocene period?

o How did marine and terrestrial ecosystems of Northern Anatolia/Black Sea
region respond to abrupt changes during the penultimate and the last deglaciations?

o What was the millennial- to centennial-scale response of marine and terrestrial
ecosystems in Northern Anatolia/Black Sea region to climatic instability during the last
glacial period?

J What can we learn from past environmental changes in Northern

Anatolia/Black Sea region regarding future climate change?

4. Study area

Studies were carried out on three cores collected during cruise M72/5 of the research
vessel Meteor from the southern part of the Black Sea in 2007: cores 22-GC3 and 22-GC8
(42°13.53"N, 36°29.55’E, water depth 838 m), core 25-GC1 (42°06.2°N, 36°37.4’ E, water
depth 418 m) (Fig. 6). The coring sites are located only 50-80 km north-east of the Turkish
coast, while the distances from the eastern (Georgian), northern (Ukrainian) and western

(Bulgarian) coasts of the Black Sea are around 400, 300-500 and 650 km respectively.

The areas along the northern and north-western coasts of the Black Sea are
predominantly plains and lowlands (Fig. 6), except for the Crimean Mountains with
maximum elevation of 1,545 m a.s.l. The mountain relief is more pronounced in the coastal
regions south and east of the sea (Fig. 6). The arc of mountain ranges interrupted by river
valleys and deltas includes the Caucasus (5,633 m) in the east, the Pontic Mountains (3,937
m) with the Anatolian Plateau in the south, and the Rhodopes (2,925 m), Balkans (2,376 m)
and Carpathian Mountains (2,543 m) in the west.
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Fig. 6. Physiographical map of the Black Sea region showing locations of the investigated
cores 22-GC3/8 and 25-GC1 (red stars). Black dots with numbers and site names indicate
locations of the climate stations presented in Table 1. Map was drawn with Quantum GIS
(1.7.0) by using data from www.bgr.de, www.nowcoast.noaa.gov, www2.demis.nl.

4.1. Oceanography

The Black Sea has a surface area of about 4.23 x 10° km?, a volume of 5.55 x 10° km?,
and a maximal water depth of ~2258 m (Kosarev and Kostianoy, 2008). The northern part of
the basin is characterized by a wide (more than 200 km) flat bathymetry (water depth
averages 50 m). In contrast, the southern coast has a narrow shelf (only a few km wide), with
depths increasing abruptly from 100 m to 1500 m (Ozsoy and Unliiata, 1997; Kosarev and
Kostianoy, 2008). The drainage area of the Black Sea is about 2.5 x 10° km?, with more than
500 rivers flowing into the basin (Mikhailov and Mikhailova, 2008). Of these, the three
largest are the Danube, Dnieper, and Dniester, all of which enter at the north-western edge of
the basin (Fig. 7).
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Fig. 7. Map of the Black Sea region showing the general surface water circulation system of
the Black Sea (modified from Oguz et al., 1993) and main rivers and straits. Thick (blue) lines
indicate the main water current with eastern and western gyres, and eddies are indicated by
thin (blue) lines. Coloured arrows show direction of in and outflow currents through the
Dardanelles, Bosphorus and Kerch straits: left (blue) for less salty surface water, right
(purple) for deeper saltier water. Colourless arrow indicates previous connection to the
Caspian Sea through Manych. Sea-surface salinities are given in purple numbers from Ugkag
(2005), Besiktepe et al. (1994), Ozsoy and Unliiata (1997), Kosarev et al. (2008). The red star
shows the location of cores 22-GC3/8. Map sources: www.bgr.de, www.nowcoast.noaa.gov,
www2.demis.nl.

With a maximal water depth of ~2200 m, the Black Sea is the largest meromictic basin
in the world with a permanent two-layered water structure (Ozsoy and Unliiata, 1997; Fig. 8).
The upper 100-200 m thick layer has a sea-surface salinity (SSS) of ~17-18 due to river
discharges, whereas the lower 2000 m thick layer has a SSS of 22.3 due to the inflow of
Mediterranean waters via the Marmara Sea. Temperatures in the Black Sea are characterized
by seasonal changes at the surface (3.5-8°C in winter and 23.5-25.5°C in summer), by the
presence of a cold intermediate layer (CIL; temperature 7.2°C), and by a relatively constant
temperature in the deeper layers (9.2°C) (Ginzburg et al., 2008; Tuzhilkin, 2008). The
circulation system of the Black Sea surface water (Fig. 7) demonstrates a cyclonal rim gyre
with mesoscale western and eastern gyres, and anticyclonal eddies along the coast (Oguz et
al., 1993).

At present, the Black Sea has a positive water balance as precipitation (~300 km3yr™),
river discharge (~350 km®yr?) and inflow of Mediterranean water (~300 km3yr™) surpass
evaporation (~350 km®yr™) (Fig. 8). As a result, the outflow from the Black Sea through the
Bosphorus into the Marmara Sea averages ~600 km3yr™ (Ozsoy and Unliiata, 1997).
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Fig. 8. Simplified profile of the Black Sea demonstrating its hydrological balance,
temperature (winter and summer) and salinity gradients, oxygenated/anoxic layers and cold
intermediate layer (based on Ozsoy and Unliiata, 1997).

The water exchange between the Black Sea and Marmara Sea occurs in two layers: a
sub-surface inflow of Mediterranean and shallow outflow of Black Sea water. Warm (14.5
°C), highly saline (37) Mediterranean waters enter the Black Sea basin through the Bosphorus
Strait, with the flow following the relief of the shelf and mixing with the overlaying CIL,
becoming colder (9.2 °C) and less saline (22.3) and sinking along the continental slope
(Ozsoy and Unliiata, 1997; Murray et al., 2005). Due to the permanent pycno- and haloclines,
annual renewal of the water occurs only to a depth of approximately 60-80 m (e.g.
Debol’skaya et al., 2007; Tuzhilkin, 2008); the water column below a depth of 100-200 m
represents a hydrogen sulphide zone, in which only anoxic processes take place (Kosarev and
Kostianoy, 2008), allowing good preservation of organic matter.

According to Yayla et al. (2001), light penetrates in the southern Black Sea into the
upper 20-35 m. Under optimum light conditions, phytoplankton growth rate is governed by
the concentration of essential nutrients (Yunev et al., 2002; Nezlin, 2008; Stel’makh et al.,
2009), depending on the thermal stratification and mixing processes of the surface water.
Intensive solar heating initiates surface water stratification in summer. The vertical mixing of
summer stratified waters occurs mostly by CIL formation in winter, transporting heat and
oxygen into the deeper water as well as nutrients upwards into the photic layer (Yunev et al.,
2005). Eddy dynamics (Zatsepin et al., 2007) and upwelling along the Anatolian coast (e.g.
Ozsoy and Unliiata, 1997) intensify mixing processes of the surface water in summer.
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4.2. Climatology

The climate of the Black Sea region is controlled by interactions of the Mediterranean,
temperate European and continental Asian climate. In the summertime, the belt of moist
westerly winds shifts northward and the Mediterranean high-pressure zone provides warm and
dry air for the entire region from the Balkan Peninsula to central Anatolia in the east and as
far as the Crimean Peninsula in the north. The summers are warm with mean July
temperatures above 20°C, except for the high-altitude mountain areas (Table 4). In winter,
generally cold weather is caused by cold air masses from continental Asia controlled by the
Siberian High. The mean January temperatures are around zero at low elevations, while the

mountains and lowlands in the north experience temperatures below freezing (Table 4).

Table 4. Modern climate data from the meteorological stations (see Fig. 6 for the locations)
situated around the Black Sea (after www.klimadiagramme.de).

Coordinates Mean Temperatures, °C Precipitation, mm
Station Latitude Longitude  Altitude July January Year  Warm Cold Year
°N °F mas.l. (IV-1X)  (X-111)
1. Ankara 39°57 32°53' 894 22.9 0 11.7 186 230 416
2. Istanbul 40°58' 29°05' 40 23.2 5.4 14.1 188 510 698
3. Odessa 46°29' 30°38' 64 215 -1.5 10.2 235 234 469
4. Rize 41°02' 40°30' 140 22.2 6.3 13.9 870 1301 2171
5. Rostov-on-Don  47°15' 39°49' 77 23.1 -4.6 9.6 289 290 579
6. Samsun 41°17 36°20' 4 22.7 6.9 143 269 423 692
7. Sochi 43°35' 39°46' 34 22.7 5.9 14.0 642 931 1573
8. Varna 43°12' 27°55' 43 22.0 19 12.1 230 241 471
9. Zonguldak 41°27' 31°48' 136 215 6.0 13.6 435 759 1194

In the northern part of the Black Sea region, total amounts of precipitation do not
exceed 600 mm/yr in the low-elevation zone, whereas the north-west-oriented slopes of the
Pontic Mountains and Caucasus may receive up to 1000-2500 mm/yr (Table 4). The low-
pressure cells from the Atlantic Ocean shift southwads of their summer position and bring
moisture to the southern part of the Mediterranean region (Alpat’ev et al, 1976). The
relatively warm waters of the Mediterranean Sea serve as a secondary moisture source, which
allows storm tracks to renew their strength as they move eastward (Dobrovolskiy and Zalogin,
1982; Roberts and Wright, 1993; Kosarev and Kostianoy, 2008). The mean annual rainfall
decreases rapidly along the Anatolian coast of the Black Sea towards the interior of Turkey,

where generally arid to semi-arid regions prevail (Mayer and Askoy, 1986; Table 4).
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4.3. Vegetation

Climatic controls, amplified by local topography, play a dominant role in determining
the pattern of natural vegetation in the Black Sea region. Relatively detailed maps, showing
vegetation patterns in Europe and Asia around the Black Sea, are provided in the World Atlas
(Gerasimov, 1964) and in a number of regional publications (e.g. Louis, 1939; Zohary, 1973;
Alpat’ev et al., 1976; Quézel and Barbéro, 1985; Mayer and Aksoy, 1986; Frey and
Kiirschner, 1989; Kiirschner, 1997). The main vegetation types, shown on the large-scale
maps (Gerasimov, 1964) include different types of conifer and temperate deciduous forests, as
well as sub-Mediterranean and Mediterranean forests, woodlands and shrublands, Artemisia-
dominated steppes on the Anatolian plateau and north of the Black Sea, and alpine meadows

in the high mountains (Fig. 9).

Legend:
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Fig. 9. Map of the Black Sea region showing key vegetation types (modified from Gerasimov,
1964; Zohary, 1973) and location of studied cores 22-GC3/8 and 25-GC1 (red star).

In addition to the regional vegetation distribution map (Fig. 9), Figure 10 presents a
simplified vegetation profile across the Pontic Mountains (Mayer and Aksoy, 1986;
Kiirschner, 1997). As northern Anatolia with the Pontic Mountains is located nearest to the
study site (Fig. 6), it should be considered as a major pollen source area for the core
sediments, considering wind patterns, river input and gyre systems in the Black Sea. High
plant diversity in Turkey, whose flora contains about 8500 species, is explained by an

interaction of climate and topography (Kiirschner, 1997).
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Indicative for the whole Eu-Euxinian territory (wet forests of Pontus Mountains and
Caucasus; Zohary, 1973), Fagus orientalis associates more frequently at lower altitudes (O-
800 m) with various deciduous trees such as Carpinus betulus, Castanea sativa, Tilia rubra,
Acer insigne, Alnus barbara, Corylus, deciduous Quercus species etc. Mixed forests with
evergreen shrubs (Rhododendron ponticum, llex aquifolium, 1. colchica, Daphne pontica,
Buxus sempervirens, Prunus laurocerasus) and lianas (Smilax excelsa, Hedera helix, H.
colchica, Clematis spec., Vitis vinifera, V. silvestris) presents a kolchic character (Zohary,
1973; Mayer and Aksoy, 1986). Along the Black Sea coast, Nowack and Markgraf (1928),
Nowack (1931), Louis (1939), and Zohary (1973) indicated a series of scattered macchia
shrublands (Phillyrea media, Laurus nobilis, Cistus creticus, Juniperus oxycedrus, Erica
arborea, Myrthus communis, Arbutus andrachne) inhabiting hot and dry habitats, unfavorable
to local temperate vegetation, such as sandy soil or rocky outcrops, or sites with destroyed
original summer-green vegetation. At higher elevations (~800-1500 m a.s.l.), pure beech (F.
orientalis) or hornbeam-beech (Carpinus-Fagus) forests predominate, demonstrating a central
European character. Higher altitudes (above ~1500 m) in the western part of the mountains
are occupied by fir (Abies nordmanniana ssp. bornmuelleriana) and in the eastern part by fir
(A. nordmanniana ssp. nordmanniana) and spruce (Picea orientalis) forests (Zohary, 1973;
Mayer and Aksoy, 1986). The lack of high mountains (i.e. above 1500 m) explains the
dominance of pure Fagus forests and absence of Abies in the central part of the Northern
Anatolia. Grasslands dominate in the subalpine and alpine mountain belt above ~2000 m a.s.l.

The southeast mountain slopes facing the Anatolian Plateau are covered with drier
vegetation types, including open woodland dominated by eurythermic conifers (e.g. Pinus
nigra, Juniperus excelsa, J. oxycedrus) and deciduous oaks (Quercus pubescens, Q. trojana).
Above ~2000 m elevation, subalpine thorny shrubs (Astracanthus spec., Sarcopoterium spec.)
are characteristic. Mediterranean elements were also found in Coruh valley by Artvin (Punica
granatum, Ficus carica, A. andrachne, Diospyros lotus, Olea europea) and at the southern
part of Pontic Mountains (Pinus brutia, Quercus ithaburensis, Juniperus excelsa, Pistacia
atlantica, Cedrus libani). Krause (1929), Louis (1939), Mayer and Aksoy (1986) denominate
these elements as relict vegetation. The zone of steppe forest (Zohary, 1973) occupies a broad
belt to the south from the Pontic Mountains. It is represented by Querco-Artemisietea
anatolica associations (Quercus pubescens) and connected by the Tuz Lake with central
Anatolian dwarf-shrub steppes of Artemisietea fragrantis. On the border between forest

steppe and steppe, juniper species grow (e.g. Juniperus excelsa, J. oxycedrus).
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Fig. 10. Simplified vegetation profile across the Pontic Mountains (modified from Mayer and
Aksoy, 1986; Kiirschner, 1997).

At present, disturbance caused by intensive land use, including logging, livestock
breeding and agriculture, have led to the patchy character of the woody vegetation, which is
mainly preserved in the mountains and protected areas. Hazel (Corylus) and other fruit trees
are cultivated in the western and central part of Northern Anatolia from Istanbul to Trabzon,
whereas tea grows in the wettest and warmest eastern part and the cultivation of cereals is

more typical of inner Anatolia (e.g. Mayer and Aksoy, 1986).

5. Material and methods

5.1. Pollen, spores and non-pollen palynomorph analysis

Subsamples from sediment cores 22-GC3, 22-GC8 and 25-GC1 were taken for
palynological analysis on 1-8 cm intervals. Samples, consisting of 1 cm® of wet sediment,
were prepared using standard methods (Erdtman, 1960; Moore et al., 1999). We added one or
two tablets of Lycopodium spores (Batch No 177745, consist of 18584+354 spores) to each
sample in order to calculate grain concentrations (Stockmarr, 1971). The laboratory
procedures included treatment in cold 10% HCI to remove carbonates, sieving through a
metallic sieve with 150 pum mesh size to remove coarse sediment particles, treatment in cold
71-74% HF over two nights to remove silica minerals, acetolysis (three minutes) to destroy
remaining soluble organic tissues, and an ultrasonic bath (nylon sieve of 1-2 um mesh size)
for the final cleaning. The remaining suspensions stored in glycerine were then used for

microscopic analysis. Routine counting was carried out at 400x%, and in ambiguous cases at
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1000x magnification. The pollen reference collections of the Department of Palynology and
Climate Dynamics at Georg-August University in Gottingen (Germany) were used for the
identification of pollen and spores. We followed the pollen and spore nomenclature of Beug
(2004) and Chester and Raine (2001). Fungal spores were identified using Kuprevich and
Ul’yanishchev (1975) for rusts, Vanky (1994) for smut fungi, Bell (2005) and Doveri (2007)
for coprophilous fungi. Other NPPs were named following van Geel et al. (1989, 2003).
Pollen sum for calculation of percentages include a minimum of 300-350 identified and
counted pollen grains per sample. The diagrams were constructed using the software C2
(version 1.6.6) (Juggins, 2003).

The diagrams were subdivided into local zones, which were established visually by
comparing dynamics of the principal taxa, supported by the results of biome score calculation.
For purpose of biome reconstructions we assign pollen taxa to plant functional types and,
based on the plant functional types contributing to each biome, classified pollen spectra to

biomes following method presented by Prentice et al. (1992, 1996).

5.2. Organic-walled dinoflagellate cyst analysis

For dinoflagellate cyst analysis, subsamples of 0.5-1 cm® were collected from cores 22-
GC3 and 22-GC8 at 1-2 cm intervals. The samples were oven dried (60 °C) for one night and
prepared using standard methods without acetolysis and ultra-sonic bath treatment. The
procedure included demineralisation with cold HCI (10%), followed by cold HF (70%) over
two nights and sieving at 10 um on a nylon mesh. To calculate the cyst concentration, one or
two tablets of Lycopodium spores (batch number 177745; consists of 18584+371 spores) were
added to each sample at the beginning of the preparation. Identifications were carried out
under x400 magnification. Dinoflagellate cyst taxonomy is based on Wall et al. (1973),
Rochon et al. (1999) and Marret et al. (2004). The calculation of dinocyst percentages is
based on the total sum of identified organic-walled dinoflagellate cysts per sample (308+9). In
addition to dinocysts, other algae and common marine acritarchs and non-pollen
palynomorphs (NPP) (e.g. Botryococcus, Cymatiosphaera sp., Pterospermella) were counted
(Mudie et al., 2011) and expressed as percentages of the dinocyst sum. The diagrams were
designed using the software C2 data analysis Version 1.6.6 (Juggins, 2003). Based on the
important changes in the relative abundance of dinocyst key species, diagrams were divided
into local zones.

For the semi-qualitative reconstruction of hydrological changes at the core site, taxa

percentages were summed into several groups according to their modern distribution and
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ecological preferences (e.g. Marret and Zonneveld, 2003; Marret et al.,, 2004). The
“thermophilic” group includes cysts with subtropical / tropical distribution (Tuberculodinium
vancampoae, Spiniferites pachydermus, Spiniferites mirabilis, Tectatodinium pellitum, cysts
of Polykrikos schwartzii, and cysts of Protoperidinium stellatum). “Fully marine” taxa include
dinocysts occurring at SSS >28.5 (Spiniferites pachydermus, Spiniferites mirabilis,
Bitectatodinium tepikiense, Tectatodinium pellitum, Ataxiodinium choane, and cysts of
Polykrikos schwartzii, Spiniferites bentorii, Xandarodinium xanthum).

6. Outline of manuscripts and description of personal contribution

The main part of this thesis consists of three manuscripts, published or submitted to
peer-reviewed international journals, as well as one manuscript in preparation and one study
with preliminary results. Formatting of manuscripts is presented as required by different

journals. Complete pollen diagrams are presented in the appendices 1-4.

The first manuscript “Vegetation and environmental dynamics in the southern Black
Sea region since 18 kyr BP derived from the marine core 22-GC3” (L.S. Shumilovskikh, P.
Tarasov, HW. Arz, D. Fleitmann, F. Marret, N. Nowaczyk, B. Plessen, F. Schliitz, H.
Behling; Palaeogeography, Palaeoclimatology, Palaeoecology (2012) 337-338, 177-193)
presents the first continuous high-resolution pollen record (core 22-GC3) from the SE Black
Sea since the late-glacial. Vegetation changes in Northern Anatolia are compared with the
dinocyst record and other multi-proxy data from the core and discussed with special emphasis
on Northern hemisphere climate dynamics as well as anthropogenic impact. Personal
contribution includes subsampling and laboratory preparation of sediments, microscopic
analysis (identification and counting) of pollen, fern/moss spores, fungal spores, dinocysts
and NPP, analysis of results, preparation of all Figures and Tables except Fig. 4, Table 3 and
4 and their description in section 3.1, as well as writing and revision of the manuscript for
publication.

The second manuscript “Eemian and Holocene sea-surface conditions in the southern
Black Sea: organic-walled dinoflagellate cyst record from core 22-GC3” (L.S.
Shumilovskikh, F. Marret, D. Fleitmann, H.W. Arz, N. Nowaczyk, H. Behling; Marine
Micropaleontology, in revision) deals with the dynamics of sea-surface conditions of the
Black Sea during the last interglacial in comparison to the Holocene. Palaeoenvironmental
reconstructions, based on dinocyst records from core 22-GC3, are compared with regional
records and discussed in a supra-regional context. Subsampling and further laboratory

preparation, microscopic analysis (identification and counting) and making microphotographs
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of dinocysts and NPP, analysis of results, working on the age-depth model of the Eemian
interval, preparation of all Figures and Tables except Fig. 3 and 4, Table 2 and partly 1 and
their description section 3.1, as well as writing and revision of the manuscript for publication
were performed by myself.

The third manuscript “Vegetation and environmental changes in Northern Anatolia
during penultimate deglaciation and Eemian recorded in Black Sea sediments” (L.S.
Shumilovskikh, HW. Arz, D. Fleitmann, F. Marret, N. Nowaczyk, P. Tarasov, A. Wegwerth,
H. Behling; Quaternary Research, in review) continues the presentation of pollen
investigations and presents the first detailed record for Northern Anatolia from core 22-GC3/8
during 134-119 ka BP. In combination with data presented in the two other previous
publications, it highlights the vegetation and climatic dynamics of the region during the
penultimate glacial-interglacial transition and the Eemian. An important part of the
manuscript deals with the question of geographical patterns of beech distribution during the
last interglacial. My personal contribution includes subsampling and further laboratory
preparation, microscopic analysis (identification and counting) of pollen, fern/moss spores,
fungal spores, dinocysts and NPP, working on the age-depth model of the Eemian interval,
analysis of results, preparation of all Figures and Tables except Fig. 3, partly Table 2 and their
description in the section Age-depth model, as well as writing of the manuscript.

The main goal of the fourth manuscript “Millennial-scale environmental variability
during the last glacial detected in pollen and dinocyst records from the SE Black Sea” (L.S.
Shumilovskikh, H. Arz, N. Nowaczyk, D. Fleitmann, A. Wegwerth, H. Behling; supposed to
be submitted to Quaternary Science Reviews) is to provide an analysis of vegetation and sea-
surface reactions to the abrupt changes during the last glacial cycle. This analysis is based on
pollen and dinocyst records from core 25-GC1 covering the period of 64-25 ka. The
manuscript includes additional comparison with other proxies from the same core.
Subsampling and further laboratory preparation, microscopic analysis (identification and
counting) of pollen, fern/moss spores, fungal spores, dinocysts and NPP, analysis of results,
preparation of all Figures except Fig. 2, as well as writing of the manuscript were performed
by myself.

The fifth manuscript “Recent pollen distribution in Northern Anatolia and SE Black
Sea: preliminary results” (L.S. Shumilovskikh, F. Schliitz, H. Behling; ongoing study)
presents the first results of the ongoing study on surface samples from Northern Anatolia.
This study aims to define the pollen source area for the studied core 22-GC3 by comparison
of pollen spectra from the surface of the Black Sea sediments with pollen spectra from the
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adjacent land. Collection of surface samples in Turkey, preparation, microscopic analysis
(identification and counting) of pollen and spores, analysis of results, preparation of all
Figures and Tables and writing of the manuscript were done personally by myself.
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Abstract

Sediments from the Black Sea, a region historically dominated by forests and steppe
landscapes, are a valuable source of detailed information on the changes in regional terrestrial
and aquatic environments at decadal to millennial scales. Here we present multi-proxy
environmental records (pollen, dinoflagellate cysts, Ca, Ti and oxygen isotope data) from the
uppermost 305 cm of the core 22-GC3 (42°13.53’N, 36°29.55’E) collected from a water
depth of 838 m in the southern part of the Black Sea in 2007. The records span the last ~18
kyr (all ages are given in cal kyr BP). The pollen data reveal the dominance of the Artemisia-
steppe in the region, suggesting rather dry / cold environments ~18-14.5 kyr BP. Warming /
humidity increase during melt-water pulses (~16.1-14.5 kyr BP), indicated by &0 records
from the 22-GC3 core sediment and from the Sofular Cave stalagmite, is expressed in more
negative "*C values from the Sofular Cave, usually interpreted as the spreading of C3 plants.
The records representing the interstadial complex (~14.5-12.9 kyr BP) show an increase in
temperature and moisture, indicated by forest development, increased primary productivity
and reduced surface run-off, whereas the switch from primary terrigenous to primary
authigenic Ca origin occurs ~500 yr later. The Younger Dryas cooling is clearly demonstrated
by more negative 8*3C values from the Sofular Cave and a reduction of pines. The early
Holocene (11.7-8.5 kyr BP) interval reveals relatively dry conditions compared to the mostly
moist and warm middle Holocene (8.5-5 kyr BP), which is characterized by the establishment
of the species-rich warm mixed and temperate deciduous forests in the low elevation belt,
temperate deciduous beech-hornbeam forests in the middle and cool conifer forest in upper
mountain belt. The border between the early and middle Holocene in the vegetation records
coincides with the opening of the Mediterranean corridor at ~8.3 kyr BP, as indicated by a
marked change in the dinocyst assemblages and in the sediment lithology. Changes in the
pollen assemblages indicate a reduction in forest cover after ~ 5 kyr BP, which was likely

caused by increased anthropogenic pressure on the regional vegetation.

Keywords: pollen, biomes, multi-proxy reconstruction, late-glacial, Holocene, Northern

Anatolia
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1. Introduction

The Black Sea region is influenced by subtropical Mediterranean, temperate European,
and continental Asian air masses (e.g. Ozsoy and Unliiata, 1997), which make sedimentary
archives from the Black Sea a valuable source of information about past environmental and
climate dynamics and for validation of climate model simulations. Moreover, the Balkans,
Pontic Mountains and Colchis with their warm and moist climate are optimal for forest
vegetation, and are of particular importance for the discussion of glacial refugia for
thermophilous taxa. In particular, the Balkans and the low-mountain areas along the south and
east coasts of the Black Sea were suggested as refugia for temperate deciduous trees by
modelling (Leroy and Arpe, 2007), phylogeographical (Médail and Diadema, 2009), and
pollen studies (Bottema et al., 1995; Tarasov et al., 2000; Brewer et al., 2002; Arslanov et al.,
2007; Connor and Kvavadze, 2008).

The sensitivity of the Black Sea region to climatic changes during the late-glacial and
the Holocene was revealed by recent studies, which demonstrated the prompt response of
these ecosystems to Heinrich events 1 and 2 (Bahr et al., 2008; Kwiecien et al., 2009), to
melt-water pulses during termination 1, warmer / wetter conditions during the late-glacial
interstadial, and cooling during the late-glacial stadial (e.g. Bahr et al., 2005, 2006, 2008;
Filipova-Marinova, 2006b). Connection to the Caspian Sea during the late-glacial and
opening of the corridor between the Mediterranean Sea and the Black Sea around 8.3 kyr BP
have also been discussed (e.g. Bahr et al., 2005, 2006; Lamy et al., 2006; Marret et al., 2009;
Verleye et al., 2009; Badertscher et al., 2011).

Although the earlier studies on deep-sea core sediments from the Black Sea
demonstrated that the main climatic changes can be traced in the pollen records since the
Pliocene (Traverse, 1974, 1978; Koreneva and Kartashova, 1978), recent palynological
studies in the western (e.g. Filipova et al., 1983; Atanassova and Bozilova, 1992; Shopov et
al., 1992; Atanassova, 2005; Filipova-Marinova, 2006a, 2006b; Mudie et al., 2007), central
(Mudie et al., 2002a, 2007) and eastern (Kvavadze and Rukhadze, 1989) parts of the basin
mainly focus on the Holocene interglacial and partly cover the late-glacial interval. A lack of
continuous high-resolution pollen records covering both the late-glacial and the Holocene

prevents the robust reconstruction of vegetation and climate history of the region.
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Fig. 1. Physiographic map of the Black Sea region showing locations of the investigated core
22-GC3 (red star), Sofular Cave (yellow star), continuous pollen records referred to and
discussed in the text (yellow circles), and cores used for construction of an age-depth model
and discussed in the text (uncoloured circles). Black dots with numbers indicate locations of
the climate stations presented in Table 1. Map was drawn with Quantum GIS (1.7.0) by using
data from www.bgr.de, www.nowcoast.noaa.gov, www2.demis.nl.

In general, the spatial distribution and temporal resolution of paleoclimate records in the
region are relatively low and multi-proxy records providing detailed information on ocean-
atmosphere-land interaction are sparse. Furthermore, the individual proxies often suffer from
inadequate age control and allow contradictory interpretations. Geomorphological evidence
from Lake Konya (Roberts, 1983) and Eski Acigdl (Jones et al., 2007) in central Anatolia and
the Lisan record from Israel (Bartov et al., 2003) show higher-than-present lake levels prior to
~16.5 ka BP and a decreasing trend after that time. Advances of mountain glaciers in the
central and eastern Mediterranean also suggest that the last glacial maximum (LGM) was
wetter than today (Kuhlemann et al., 2008; Sarikaya et al., 2008). On the other hand, pollen
records from the eastern Mediterranean point to relatively dry climatic conditions during the
Pleniglacial and more humid conditions starting at the onset of the late-glacial interstadial
(e.g. Bottema et al., 1995; Kotthoff et al., 2008; Litt et al., 2009; Miiller et al., 2011).

Opposing moisture trends in the eastern Mediterranean region are also typical of the
Holocene. Oxygen-isotope-based reconstructions from Lake Van reveal an increase in
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moisture already in the early Holocene, whereas parallel pollen-based reconstructions
demonstrate a delay of the forest development at this time (Wick et al., 2003). These delays
are known from different parts of the eastern Mediterranean region and their reasons are still
under discussion (e.g. Roberts et al., 2001; Eastwood et al., 2007; Djamali et al., 2010;
Roberts et al., 2011). Since the eastern Mediterranean region is supposed to have been a
corridor for human migration from Africa to Europe, climatic and anthropogenic roles in the
creation of today’s Mediterranean landscapes are of great interest (e.g. Miiller et al., 2011;
Roberts et al., 2011).

In order to obtain high quality records which would allow robust reconstructions of the
late Quaternary environments and contribute to a better understanding of regional
environmental and climate dynamics in the Black Sea and northern Anatolian region during
the last glacial-interglacial cycle, the interdisciplinary project DynNAP was initiated in 20009.
The current study presents the first results from this project, on the uppermost 305 cm of the
core 22-GC3 from the southern Black Sea, spanning the last ~18 kyr. Multi-proxy records are
used to reconstruct the vegetation and environmental history of the Northern Anatolia since
the Pleniglacial. Qualitative environmental and quantitative biome reconstructions based on
palynological data from core 22-GC3 are further compared and discussed together with
published reconstructions of late-glacial and Holocene environments from the eastern
Mediterranean and North Atlantic regions.

2. Core setting and regional environments
2.1. Geographical setting

The 839 cm long core 22-GC3 (42°13.53’N, 36°29.55’E) was collected during cruise
M72/5 of the research vessel Meteor from a water depth of 838 m in the southern part of the
Black Sea in 2007 (Fig. 1). The coring site is located only 70-75 km north-east of the Turkish
coast, while the distances from the eastern (Georgian), northern (Ukrainian) and western
(Bulgarian) coasts of the sea are around 400, 300-500 and 650 km respectively.

The Black Sea is the largest anoxic basin on earth and occupies a quasi-elliptical
tectonic depression at the border between SE Europe and NW Asia. The sea extends for over
1,130 km along the 42°N latitude and for about 610 km along the 31°E longitude. It has an
area of ~4.23 x 10° km? and a maximal water depth of ~2258 m (Kosarev and Kostianoy,
2008). The upper 100-150 m of the sea water, which receives input from more than 500 rivers

(the largest, in terms of length and water discharge, flow in from the north) and direct
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atmospheric precipitation, is cooler and less salty (~18%o) than the deeper waters (~22%o)
originating from the Mediterranean Sea (e.g. Ozsoy and Unliiata, 1997; Kostianoy and
Kosarev, 2008). The well-aerated surface water layer is characterized by a high biological
productivity, while deep anoxic water below 100-150 m depth provides unique conditions for
anaerobic microbial life and allows good preservation of organic material in the bottom
sediments. The general circulation system of the upper layer of the Black Sea is rather
complex (Fig. 2) and consists of eastern and western gyres and numerous eddies (see Oguz et
al. (1993), Ozsoy and Unliiata (1997), Kostianoy and Kosarev (2008) for details on the Black
Sea environment and hydrology).

The areas along the northern and north-western coasts of the Black Sea are
predominantly plains and lowlands, except for the Crimean Mountains (maximum elevation
1,545 m a.s.l). The mountain relief is more pronounced in the coastal regions south and east
of the sea. The arc of mountain ranges interrupted by river valleys and deltas includes the
Caucasus (5,633 m) in the east, the Pontic Mountains (3,937 m) with the Anatolian Plateau in
the south, and the Rhodopes (2,925 m), Balkans (2,376 m) and Carpathian Mountains (2,543
m) in the west.

The regional climate — temperate in the north and subtropical in the south — is controlled
by seasonal changes in the position and strength of the Azores High and Icelandic Low and in
the westerly storm tracks (Tiirkes, 1996), while a significant amount of moisture originates
from the Black Sea (Badertscher et al., 2011). In the summertime, the belt of moist westerly
winds shifts northward and the Mediterranean high-pressure zone provides warm and dry air
for the entire region from the Balkan Peninsula to central Anatolia in the east and as far as the
Crimean Peninsula in the north. The summers are warm in the Black Sea region with mean
July temperatures above 20°C, except for the high-altitude mountain areas (Table 1). In
winter, generally cold weather is caused by cold air masses from continental Asia controlled
by the Siberian High. The mean January temperatures are around zero at low elevations, while
the mountains and lowlands in the north experience temperatures below freezing (Table 1).
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Table 1. Modern climate data from the meteorological stations (see Fig. 1 for the locations)
situated around the Black Sea (after www.klimadiagramme.de). ‘Warm’ part of the year
represents interval from April to September and ‘cold’ part of the year represents interval
from October to March.

Coordinates Mean Temperatures, °C Precipitation, mm
Station Latitude Longitude Altitude July January Year  Warm Cold Year
N °F mas.l, (V-IX)  (X-111)
1. Ankara 39°57 32°53' 894 22.9 0 11.7 186 230 416
2. Istanbul 40°58' 29°05' 40 23.2 5.4 14.1 188 510 698
3. Odessa 46°29' 30°38' 64 215 -15 10.2 235 234 469
4. Rize 41°02' 40°30' 140 22.2 6.3 13.9 870 1301 2171
5. Rostov-on-Don 47°15' 39°49' 7 23.1 -4.6 9.6 289 290 579
6. Samsun 41°17 36°20' 4 22.7 6.9 143 269 423 692
7. Sochi 43°35' 39°46' 34 22.7 5.9 14.0 642 931 1573
8. Varna 43°12' 27°55' 43 22.0 1.9 12.1 230 241 471
9. Zonguldak 41°27 31°48' 136 215 6.0 13.6 435 759 1194

In the northern part of the Black Sea region, total amounts of precipitation do not
exceed 600 mm/yr in the low-elevation zone, whereas the north-west-oriented slopes of the
Pontic Mountains and Caucasus may receive up to 1000-2500 mm/yr (Table 1) and therefore
are among the warmest and wettest in western Eurasia (Alpat’ev et al., 1976; Mayer and
Aksoy, 1986). The low-pressure cells from the Atlantic Ocean shift to the south of their
summer position and bring moisture to the southern part of the region. The relatively warm
waters of the Mediterranean Sea serve as a secondary moisture source, which allows storm
tracks to renew their strength as they move eastward (Dobrovolskiy and Zalogin, 1982;
Roberts and Wright, 1993; Kosarev et al., 2008). Instrumental data from Turkey and the
Black Sea area also suggest that the short-term variations in atmospheric precipitation (Tiirkes
and Erlat, 2003; Tiirkes et al., 2009) and in sea-surface temperatures (Kazmin and Zatsepin,
2007) are influenced by the operation of the North Atlantic Oscillation (NAO), which in turn
reflects the large-scale interaction between the north Atlantic and mid-latitude air masses
(Hurrell, 1995; Lamy et al., 2006).

2.2. Vegetation distribution

Climatic controls, amplified by local topography, play a dominant role in determining
the pattern of natural vegetation and pollen distribution in the Black Sea area. The relatively
detailed maps showing vegetation patterns in Europe and Asia around the Black Sea are
provided in the World Atlas (Gerasimov, 1964) and in a number of regional publications (e.g.
Louis, 1939; Zohary, 1973; Alpat’ev et al., 1976; Quézel and Barbéro, 1985; Mayer and
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Aksoy, 1986; Frey and Kiirschner, 1989; Kiirschner, 1997). The main vegetation types shown
on the large-scale maps (Gerasimov, 1964) include different types of conifer and temperate
deciduous forests, as well as sub-Mediterranean and Mediterranean forests, woodlands and
shrublands, Artemisia-dominated steppes on the Anatolian plateau and north of the Black Sea,
and alpine meadows in the high mountains (Fig. 2). Table 2 provides simplified
characteristics of vegetation types used in botanical literature (e.g. Gerasimov, 1964) and their

correspondence to global biome classification used by Prentice et al. (1992; 1996).

Legend:

- cool conifer forest

temperate forest with
beech, hornbeams, oaks

50°N - temperate forest with oaks
l:' temperate grass steppe

l:l temperate Artemisia steppe

- temperate desert

- euxinian warm mixed and
temperate forest

I:\ submediterranean forest

mediterranean forest and
shrubland

- subtropical forest-steppe

subtropical Artemisia steppe

45°N

- alpine meadows and shrubs

25°E 30°E 35°E 40°E 45°E
Fig. 2. Map of the Black Sea region showing key vegetation types (modified from Gerasimov,
1964; Zohary, 1973) and the upper-layer general circulation system in the Black Sea
(modified from Oguz et al., 1993). Thick blue lines indicate the main water current with
eastern and western gyres; and eddies are indicated by thin blue lines.

In addition to the regional vegetation distribution map (Fig. 2) Figure 3 presents a
simplified vegetation profile across the Pontic Mountains (Mayer and Aksoy, 1986;
Kiirschner, 1997). As the mountain range nearest to the core 22-GC3 site (Fig. 1), it should be
considered as a major pollen source area for the core sediments, with consideration of wind
patterns, river input and gyre systems in the Black Sea. The wetter northern and western
slopes of the Pontic Mountains up to ~800 m a.s.l. are covered by the euxinian forest type,
which consists of mainly temperate summer-green tree taxa (Castanea sativa, Corylus, Tilia,
Carpinus betulus, Fagus orientalis, different species of Quercus), evergreen broadleaved trees
and shrubs (Rhododendron ponticum, Prunus laurocerasus, Buxus sempervierens, llex

colchica) and lianas (Hedera helix, Smilax, Vitis, Periploca).
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Table 2. Regional vegetation formations/assemblages (simplified from Gerasimov, 1964) and
their allocation to biomes used by Prentice et al. (1996). Abbreviated biome names are used as
follows: TUND for tundra, COCO for cool conifer forest, TEDE for temperate deciduous
forest, WAMX for warm mixed forest, XERO for xerophytic woods/scrub, STEP for steppe
and DESE for desert.

Formations Vegetation assemblages Biome
Boreal forest
Pinus-forest with oaks COCO
Mixed broad-leaved forest (Picea excelsa, Quercus robur, Quercus petraea) COCO
Carpathian dark-conifer forest (Picea excelsa, Abies alba) COCO
Temperate forest
formations
central european  Mixed broad-leaved forest (Quercus robur, Quercus petraea, Quercus cerris, Quercus TEDE
frainetto, Carpinus betulus, Tilia cordata)
Danube oak steppe-forest (Quercus robur, Quercus petraea, Quercus pubescens) TEDE
Quercus-Fagus-Carpinus-forest (Fagus sylvatica, Quercus robur, Quercus petraea, TEDE
Carpinus betulus)
Fagus sylvatica-forest TEDE
Mountain mixed conifer-broad-leaved-forest (Fagus sylvatica, Abies alba, Picea excelsa, COCO
Pinus sylvestris)
eastern european  Oak forest (Quercus robur, Tilia cordata, Acer spp.) TEDE
Pine-broad-leaved forest (Pinus sylvestris, Quercus robur) COCO
euxinian  North-Caucasian mountain oak- and oak-hornbeam-forest (Quercus robur, Quercus TEDE
petraea, Carpinus caucasica)
Mountain beech- and oak-beech-forest (Fagus orientalis) TEDE
Mountain beech-conifer forest (Abies nordmanniana ssp. nordmanniana, Abies COocCOo
nordmanniana ssp. bornmuelleriana, Picea orientalis, Fagus orientalis)
Broad-leaved forest with evergreen elements WAMX
submediterranean  Oak forests and pseudo-macchia (Quercus pubescens, Quercus frainetto etc.) TEDE
Temperate steppe
Meadow-steppe (Stipa, Festuca, Bromus and herbs) with oaks TEDE
Herb-grass steppe (Filipendula hexapetala, Salvia nutans, Stipa ukrainica, Stipa STEP
stenophylla, Stipa rubentiformis)
Stipa steppe (Stipa ukrainica, Stipa lessingiana) STEP
Artemisia-grass steppe (Artemisia maritima, Artemisia taurica, Stipa capillata, Festuca STEP
sulcata, Agropyron pectiniforme)
North-Caucasian mountain grass (Stipa capillata, Bromus riparius, Festuca sulcata), STEP
herb-grass steppe and steppe-meadows
Artemisia-steppe and northern semidesert (Artemisia lercheana, Festuca, Stipa) STEP
Grass-Artemisia steppe and southern semidesert (Artemisia lercheana, Artemisia STEP
pauciflora)
Temperate desert
Artemisia-chenopod desert (Artemisia lercheana, Artemisia paucifora, Artemisia DESE
astrachanica, Artemisia arenaria, Atriplex, Anabasis, Suaeda)
Chenopod desert (Anabasis salsa) with Artemisia (Artemisia lercheana) DESE
Subtropical forest
Mediterranean forest ~ Evergreen and deciduous oak forest (Quercus coccifera, Quercus ilex, Quercus XERO
and shrubland ithaburensis ssp. macrolepis, Quercus calliprinos, Quercus libani, Quercus infectoria)
with pines (Pinus brutia, Pinus halepensis) and macchia
Dry forest Submediterranean sparse pine forest (Pinus nigra, Pinus brutia) with oaks and junipers TEDE
Mountain dark-conifer forest (Abies cilicica, Cedrus libani) with deciduous and CoCo
evergreen broad-leaved elements
Mountain dry sparse oak-juniper-pine forests on Armenian highland (Quercus infectoria, TEDE
Quercus brantii, Juniperus excelsa, Pinus hamata)
Subtropical steppe
Mountain herbs-grass steppe (Stipa, Festuca sulcata, Koeleria, Bromus, Poa bulbosa, STEP
Coplodinium humilis, Astragalus) with Artemisia (Artemisia fragrans, Artemisia
austriaca)
Herbs-grass submediterranean mountain steppe with shrubs (Stipa, Bromus, Salvia, STEP
Anchusa, Centaurea, Trigonella, Cousinia, Artemisia herba-alba)
Alpine formations
Meadows TUND
Juniper meadows TUND
Caucasian meadows with rhododendron and tundra TUND
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This combination of taxa has been assigned to the temperate deciduous forest biome (TEDE)
by Prentice et al. (1996). However, Laurus, Arbutus andrachne, Erica arborea and evergreen
Quercus — warm mixed forest biome (WAMX) indicators — are characteristic of
Mediterranean macchia growing in southern and south-western Anatolia and can also be
found in the coastal area of the Black Sea (Louis, 1939; Zohary, 1973; Mayer and Aksoy,
1986). At higher elevations (~800-1500 m a.s.l.), beech (F. orientalis) or hornbeam-beech
(Carpinus-Fagus) forests corresponding to the temperate deciduous forest biome (TEDE)
predominate. Higher altitudes (above ~1500 m) in the western part of the mountains are
occupied by fir (Abies nordmanniana ssp. bornmuelleriana) and in the eastern part by fir (A.
nordmanniana ssp. nordmanniana) and spruce (Picea orientalis) cool conifer (COCO) taiga-
like (TAIG) forests. Grasslands dominate in the subalpine and alpine mountain belt above
~2000 m a.s.l. The south-east mountain slopes facing the Anatolian Plateau are covered with
drier vegetation types, including open woodland dominated by eurythermic conifers (e.g.
Pinus nigra, Juniperus excelsa, J. oxycedrus) and deciduous oaks (Quercus pubescens, Q.
trojana). Above ~2000 m elevation subalpine thorny shrubs (Astracanthus spec.,

Sarcopoterium spec.) are characteristic.

« alpine meadows
® Fagus orientalis

® deciduous trees

? Corylus avellana

—A& Rhododendron ponticum
e evergreen shrubs

‘ Abies nordmanniana,
4 Picea orientalis, Pinus
sylvestris

thorny shrublands
Pinus nigra
Juniperus excelsa
Quercus pubescens,
Q. spec.

o> +D

Fig. 3. Simplified vegetation profile across the Pontic Mountains (modified from Mayer and
Aksoy, 1986; Kiirschner, 1997).

At present, disturbance caused by intensive land use, including wood cutting, livestock
breeding and agriculture, have led to the patchy character of the woody vegetation, which is
mainly preserved in the mountains and protected areas. Hazel (Corylus) and other fruit trees
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are cultivated in the western and central part of the region from Istanbul to Trabzon, whereas
tea grows in the wettest and warmest eastern part and the cultivation of cereals is more typical
of inner Anatolia (e.g. Mayer and Aksoy, 1986).

3. Material and methods
3.1. Core stratigraphy and age model

The uppermost part of the core 22-GC3 presented in the current study consists of three
main lithological units (Fig. 4, 5A): (i) a lower Unit Il (47-350 cm) composed of lacustrine
clays with occasional laminations, (ii) a middle Unit Il (20-47 cm) consisting of a finely
laminated sapropel layer, and (iii) an upper Unit | (0-20 cm) characterized by a finely

laminated coccolith ooze layer with a first (20 cm) and final (14 cm) coccolith invasion.
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Fig. 4. Correlation between magnetic susceptibility and XRF Ca records of the cores 24-GC3
and 22-GC3 used to transfer the **C age control points from 24-GC3 to 22-GC3. Top-right
inlay shows the 22-GC3 core image for the uppermost 60 cm of the core indicating the three
lithostratigraphic pointers with the respective ages from Lamy et al. (2006).
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Fig. 5. Lithostratigraphical units of the analysed part of the core 22-GC3 (A) plotted along the
core depth (B). Further graphs show (C) depth of samples analysed for pollen and dinocysts,
(D) age control points, (E) age-depth model, and (F) changes in accumulation rates.

Because of lack of suitable carbonate material for **C dating in 22-GC3 and known
sensitivity of bulk carbonate and organic carbon to terrestrial contamination (e.g. Jones and
Gagnon, 1994; Lamy et al., 2006) we construct the age-depth model for 22-GC3 (Fig. 5E) by
correlations with other well-dated Black Sea cores. The lithological units of core 22-GC3 are
comparable to the published classical late-glacial and Holocene units of Black Sea sediments
(Ross and Degens, 1974; Hay et al., 1991; Lamy et al., 2006). This allows us to correlate

different cores from the Black Sea and to construct a chronology for core 22-GC3.
The anchor-points for the upper part of the core 22-GC3 are provided in the Table 3 and
Fig. 4 and 5D. Ages for the uppermost 47 cm were obtained using direct lithological
correlation (Fig. 4) with the radiocarbon and Santorini ash dated core GeoB 7622-2
(41°26.70°’N, 31°04.00’E) (Fig. 1) (Lamy et al., 2006). Seven *C accelerator mass

spectrometry (AMS) dates was carried out from well preserved larval shells of the shallow-
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marine mollusc Mytilus galloprovincialis and one — from organic matter taken from the

interval richest in organic carbon.

Table 3. Stratigraphical control points for sediment core 22-GC3.

Original depth Description Age (kyrs BP)

(cm)

0 surface of the core is assumed to be of modern age 0

14 Unit I, final coccolith invasion, ags from Lamy et al. (2006) 1.7

20 Unit I, first coccolith invasion, age from Lamy et al. (2006) 2.7

47 Unit 11 / 111 boundary, age from Lamy et al. (2006) 8.3

55 Basis of Holocene, age from Kwiecien et. al. 2008) 11.7

74 ¥C AMS age from core 24-GC3 linked through magnetic susceptibility and 12.6
XRF Cato 22-GC3

79 ¥C AMS age from core 24-GC3 linked through magnetic susceptibility and 13.7
XRF Cato 22-GC3

80 1C AMS age from core 24-GC3 linked through magnetic susceptibility and 14.0
XRF Ca to 22-GC3

81 1C AMS age from core 24-GC3 linked through magnetic susceptibility and 14.4
XRF Ca to 22-GC3

121 1C AMS age from core 24-GC3 linked through magnetic susceptibility to 15.0
22-GC3

227 ¥4C AMS age from core 24-GC3 linked through magnetic susceptibility to 16.8
22-GC3

303 ¥4C AMS age from core 24-GC3 linked through magnetic susceptibility to 17.9
22-GC3

333 ¥4C AMS age from core 24-GC3 linked through magnetic susceptibility to 18.6
22-GC3

The **C ages were corrected with a regional deviation from the global reservoir effect of
~70 years according to the Marine Reservoir Correction Database (Lamy et al., 2006). The
anchor points for the marine unit of core 22-GC3 are the transition from Unit 11l to Unit 11 at
8.3 kyr BP, as well as the first (2.7 kyr BP) and final (1.7 kyr BP) coccolith invasion (Fig. 4,
5D). The geochronology of the late glacial lacustrine Unit Il sediments is based on a
sequence of 8 **C-AMS ages on shells of the bivalve Dreissenia rostriformis (Table 4) from
the nearby shallower sediment core 24-GC3 (41°28.66°N, 37°11.68’E, 208 m water depth)
(Fig. 1) that were exported to 22-GC3 through a detailed correlation of high-resolution
magnetic susceptibility and XRF Ca intensity measurements on both cores (Fig. 4). The Basis
of the Holocene at 55 cm core depth, as well as the reservoir age correction for the
radiocarbon ages were adopted from Kwiecien et al. (2008). The sample ages (Fig. 5C) and
changes in sedimentation rate (Fig. 5F) were calculated using linear interpolation between the
anchor-points (Fig. 5D).
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Table 4. Radiocarbon dates for 24-GC3. *C ages were converted into calibrated calendar ages
before present, defined as AD 1950, using the Calib 6.0 radiocarbon calibration tools with the
INTCALOQ9 calibration curve. Reservoir ages were adopted from Kwiecien et al. (2008).

Core depth  Lab-ID C age 1sigma error Reservoir age cal *C age
(kyrsBP) (kyrs) (kyrs BP)
(cm)
148 ETH-35501 10,595 60 0.00 12.57
187 ETH-35502 12,385 65 0.50 13.74
197 ETH-35503 13,205 65 1.00 14.05
210 ETH-35504 13,330 65 1.00 14.41
240 ETH-35505 13,700 65 1.00 15.05
313 ETH-35506 15,165 75 1.45 16.84
350 ETH-35507 16,245 80 1.45 17.95
391 ETH-35508 16,835 85 1.45 18.63

3.2. Palynological analysis of pollen, spores and non-pollen palynomorphs

A total of 72 samples were selected for palynological analysis from the upper part of the
core 22-GC3 (0-305 cm), each sample consisting of 1 cm® of wet sediment. In the upper part
of the core, noticeable for its low sedimentation rates (Fig. 5F), the sampling interval was 2
cm on average (Fig. 5C), while in the lower part characterized by much higher sedimentation
rates samples were taken in 8 cm steps. Conventionally we added one or two tablets of
Lycopodium spores (Batch No 177745, consist of 18584 spores) to each sample in order to
calculate concentrations (Stockmarr, 1971) of pollen and non-pollen palynomorphs (NPP).
The samples for microscopic analysis were prepared using standard methods described
elsewhere (Erdtman, 1960; Moore et al., 1999). These included treatment in cold 10% HCI to
remove carbonates, sieving through a metallic sieve with 150 pm mesh size to remove coarse
sediment particles, treatment in cold 71-74% HF over two nights to remove silica minerals,
acetolysis (three minutes) to destroy remaining soluble organic tissues, and an ultrasonic bath
(1-2 pm mesh size) for the final cleaning. The remaining suspensions stored in glycerine were
then used for microscopic analysis. Routine counting was carried out at 400x%; in ambiguous
cases at 1000x magnification. The pollen reference collections of the department of
Palynology and Climate Dynamics at Georg-August University in Gottingen (Germany) were
used for the identification of pollen and spores. We followed the pollen and spore
nomenclature of Beug (2004) and Chester and Raine (2001), whereas NPPs were named
following van Geel et al. (1989, 2003). In each sample a minimum of 300-350 identifiable
pollen grains was counted. The total pollen sum taken as 100% was then applied for
calculation of individual taxon percentages as presented in the pollen diagram (Fig. 6).

Relative abundances for spore and NPP taxa were also calculated from the total pollen sum.
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The pollen diagram (Fig. 6) was constructed using C2 (version 1.6.6) software (Juggins,
2003). A x10 exaggeration of the horizontal scale is used to show changes in low taxa
percentages. The diagram was subdivided into local pollen zones (LPZ), using visual
inspection taking into consideration major changes in pollen taxa composition and relative
abundance, supported by the results of biome score calculation described in the following
section 3.3 (see Bezrukova et al., 2010 for discussion of the approach). Additionally, pollen
assemblage zones are presented in Table 5.

Regarding the pollen identification, numerous species of oaks growing in northern
Anatolia have pollen with very similar morphology that was grouped by Beug (2004) into
three different types: 1) Quercus robur-type, including deciduous Quercus petraea, Q.
pubescens, Q. frainetto, Q. ithaburensis ssp. macrolepis, 2) Quercus cerris-type with
deciduous Q. cerris, Q. trojana and 3) Quercus ilex-type including evergreen Q. coccifera,
only growing in Anatolia (Mayer and Aksoy, 1986).

In the pollen diagram, taxa are ordered by plant functional types (Prentice et al., 1996):
conifers (e.g. Pinus diploxylon-type, Pinus haploxylon-type, Juniperus, Picea, Abies, Cedrus,
Taxus), temperate summer-green and evergreen taxa (e.g. Fagus, Carpinus betulus, Ostrya-
type, Castanea, Tilia, Corylus, Quercus robur-type, Buxus, Hedera helix, Vitis etc.), warm-
temperate summer-green (Fraxinus ornus) and sclerophyll Mediterranean tree/shrub taxa (e.g.
Olea, Phillyrea, Pistacia, Quercus ilex-type), arid woody shrub taxa (Ephedra fragilis-type,
Ephedra distachya-type, Hippophae, Haloxylon) and other non-arboreal taxa (e.g. Artemisia,
Chenopodiaceae, Poaceae, Ericaceae, Cyperaceae, Caryophyllaceae). Several rare pollen taxa
are not shown on the diagram. Complete data are available under the name of the
corresponding author through the PANGAEA server (www.pangaea.de).

Among the NPPs we selected two taxa for display on the diagram (Fig. 6): Glomus-type
and Sporormiella-type. The first, chlamydospores of the endomycorrhizal fungus Glomus, are
often discussed as an indicator of erosion in the catchment area (e.g. van Geel et al., 2003).
The second, Sporormiella-type, is commonly used as indicator for herbivore activity or even
density (e.g. van Geel et al., 2003; Davis and Shafer, 2006; Raper and Bush, 2009).

3.3. Biome reconstruction method

For purpose of biome reconstructions we assign pollen taxa to plant functional types
(Peyron et al., 1998; Tarasov et al., 1998b, 2000) and, based on the plant functional types that
contribute to each biome, classifies pollen spectra to one or more biomes following method
presented by Prentice et al. (1996) (Table Al).
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3.4. Analysis of dinoflagellate cysts

Dinoflagellates are one of the major groups of microplankton, inhabiting marine and
fresh water environments (e.g. Dale, 2001b). Dinoflagellates are among the aquatic
microorganisms that produce cysts and cause blooms in sea water (e.g. Marret and Zonneveld,
2003). In palaeoecological studies, changes in the concentration of dinoflagellate cysts
(=dinocysts) are often used as an indicator of changes in primary productivity mostly in terms
of cultural eutrophication (e.g. Dale et al., 1999; Matsuoka, 1999; Dale, 2001a; Matsuoka,
2001; Chmura et al., 2004; Dale, 2009). For the current study, we calculated dinocyst
concentration in the core sediment (Fig. 7F, 7G) in order to get an additional proxy for
changes in primary productivity of the sea water since the last glacial, and for reconstructing
changes from fresh/brackish to saline water environments, which can be traced by changes in
the dinocyst assemblages (e.g. Wall et al., 1973; Mudie et al., 2001, 2002b, 2004, 2007,
Marret et al., 2009; Verleye et al., 2009).

In the uppermost part of sediment core 22-GC3 (0-49 cm), which contains sensitive
peridinoid dinocysts, samples of 0.5-1 cm® were laboratory treated using the standard method
without acetolysis or an ultrasonic bath (e.g. Marret et al., 2009). The treatment included
demineralization with cold hydrochloric acid (10% HCI) and cold hydrofluoric acid (70% HF)
over two nights followed by sieving through a 10 pm nylon mesh. To calculate the cyst
concentration, one tablet of Lycopodium spores (Batch No 177745, consist of 18584 spores)
was added to each sample at the beginning of preparation. In the lower sediments (54-304
cm), which contain species resistant to acetolysis (Pyxidinopsis psilata, Spinifrites
cruciformis), the dinocyst analysis was carried out using residues prepared for palynological
analysis (see 3.2.). Identifications were carried out with the light microscope at 400x
magnification. Dinoflagellate cyst taxonomy is based on Wall et al. (1973), Rochon et al.
(1999) and Marret et al. (2004).

For purpose of this paper we present only dinocyst concentrations. Dinocyst
concentrations were counted separately for fresh / brackish water indicators (Pyxidinopsis
psilata, Spinifrites cruciformis) and marine water indicators (Spiniferites ramosus group,
Lingulodinium machaerophorum etc.), separated following the literature (e.g. Wall et al.,
1973; Mudie et al., 2001, 2002b, 2004, 2007; Marret et al., 2009; Verleye et al., 2009).

3.5. XRF scanning

The sediment from core 22-GC3 was scanned at 1-cm resolution with an AVAATECH

X-ray fluorescence (XRF) scanner. The XRF core scanner measures the bulk intensities of
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major elements (e.g. Al, Si, S, K, Ca, Ti, Mn, and Fe) on split sediment cores and gives XRF
intensities in total counts (see Jansen et al., 1998; Rohl and Abrams, 2000; Richter et al., 2006
for details of the method). For the purpose of this paper we use only Ca and Ti intensities
(Fig. 7D, 7E), whilst publication of complete geochemical data of the 22-GC3 core is in
preparation. The Ti intensity is usually interpreted as a proxy for terrigenous material supply,

whereas the Ca intensity reflects allogenic and autogenic signals (e.g. Bahr et al., 2005).

4. Results and discussion

Presenting and discussing the results of this study, we paid attention to the potential
uncertainties inherent in the interpretation of the pollen record from core 22-GC3 (subchapter
4.1). With this in mind, we divide the further results and discussion section into chronological
subsections (4.2-4.7), reflecting most prominent environmental changes. We define
“Pleniglacial” as interval ~18-14.5 kyr BP, “Late-glacial interstadial complex” — 14.5-12.9
kyr BP, “Late-glacial stadial” — 12.9-11.7 kyr BP, “early Holocene” — 11.7-8.5 kyr BP,
“middle Holocene” — 8.5-5 kyr BP, “late Holocene” — 5-0 kyr BP.

4.1. Potential uncertainties in interpretation of pollen record 22-GC3

Because the age-depth model for 22-GC3 is constrained by correlation to other records,
there is a danger that errors in the age model of one of the other records will carry through to
this record also. This would have an impact on the interpretation of the results. For this reason
we try to avoid discussions about timing of changes in terms of absolute dates and focus more
on the relative timing of changes between different records from core 22-GC3.

One of other uncertainties is evaluation of the pollen source area contributing to the
sediment at the coring site. Indeed, the large surface and catchment area of the Black Sea,
substantial river run-off, sea currents and winds, mountainous terrain, and mosaic vegetation
(Fig. 1, 2, 3) may influence pollen transport and accumulation, and complicate the
interpretation of the fossil record. Palynological studies of deep-water oceanic, marine and
large lake sediments (e.g. Groot and Groot, 1966; Desprat et al., 2005; Demske et al., 2005;
Hooghiemstra et al., 2006) demonstrate that the vegetation from coastal areas which are
nearest to the coring site contributes most of the pollen grains to the surface and fossil
sediment. For the Black Sea, this was proved by Shatilova (1974), who analysed pollen
distribution in the modern marine sediments along the Georgian coasts and demonstrated
close correspondence of the recent pollen assemblages with the modern vegetation of the
Colchic Lowland. Taking into account the proximity of the 22-GC3 coring site to the northern
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Anatolian coast (Fig. 1), the pattern of the sea current around the site (Fig. 2) and the
composition of the topmost pollen spectrum of the 22-GC3 record (Fig. 6) we assume
northern Anatolia and particularly the northern slopes of the Pontic Mountains to be the main
pollen source area for the study site.

Another important (although methodologically complex) task of pollen analysis in
regions with a long human occupation is to reconstruct human impact on the local and
regional environments. Analysing the core 22-GC3 sediment, we also looked for a possibility
to distinguish between the natural trends and human-induced changes in the vegetation, and
therefore paid special attention to pollen taxa that could be counted as anthropogenic
indicators (Behre, 1990). However, an interpretation of human impact in the pollen records
from the Near East and eastern Mediterranean is, like in other steppe regions of Eurasia,
rather difficult (e.g. Schliitz et al., 2008; Miehe et al., 2009; Schliitz and Lehmkuhl, 2009;
Lehmkuhl et al., 2011). Primary (i.e. crop plants) and secondary (i.e. Plantago lanceolata,
Sanguisorba minor-type, Poaceae, Brassicaceae, Chenopodiaceae) human-indicators, which
are successfully used in Central and Northern Europe (Behre, 1990), are part of the natural
vegetation there. Even the transformation of woodland to open (steppe) landscape might have
a natural origin and be caused largely by climatic factors. The group of secondary
anthropogenic indicators in the pollen records from the eastern Mediterranean include
Quercus calliprinos-type (treated as Q. ilex-type in our study), Juniperus, Castanea sativa,
Juglans regia, Fraxinus ornus, Olea europea, accompanied by Plantago lanceolata,
Sanguisorba minor-type, and Platanus (Zeist et al., 1975; Bottema and Woldring, 1990;
Vermoere et al., 2002). These pollen types, indicating a rich arboriculture as well as a pastoral
economy, were assigned to the Beysehir Occupation Phase (BOP), a cultural phase seen in
palynological diagrams of south-western Turkey from roughly 3500 yr BP to 1300 BP (Zeist
et al., 1975; Bottema and Woldring, 1990; Vermoere et al., 2002).

Sporormiella-type is usually interpreted as a possible proxy of herbivore biomass (e.g.
van Geel et al., 2003; Davis and Shafer, 2006; Mudie et al., 2011). However, since
Sporormiella-like-spores are produced by species of the coprophilous genus Sporormiella, but
also by facultative coprophilous Preussia and saprobic on grasses Ohleriella (e.g. Zhang et
al., 2011), careful use of this spore type is strictly recommended. Regarding marine archives,
appearance of Sporormiella-type is suggested mainly to reflect terrestrial input (by air and/or
water) of eroded decayed organic matter (grass or dung) into marine system.
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4.2. Late Pleniglacial (~18-14.5 kyr BP)

This time interval between the end of the LGM phase and the Termination I in the 22-
GC3 pollen record (Fig. 6, Table 5) is represented by the lowermost pollen zone LPZ 22GC3-
7 (305-91 cm). The pollen spectra demonstrate highest percentages of herbaceous taxa
(>80%), mainly Artemisia (37-66%) and Chenopodiaceae (12-24%). Arboreal taxa (7-23%)
are mainly represented by eurythermic conifers, including Pinus diploxylon-type and
Juniperus. Among temperate summer-green woody taxa, only Quercus robur-type shows
permanent presence in the pollen assemblages. The other taxa of this plant functional type
(PFT) and in the present-day Euxinian and Mediterranean forests appear in the pollen spectra,
but rarely and discontinuously. By contrast, pollen of Ephedra (desert shrub PFT in Prentice
et al., 1996) and Hippophae are constantly present. Spores of Glomus and Sporormiella-type
are recorded for this zone (Fig. 6) and dynocyst concentrations are very low (Fig. 7G).

The pollen data show the dominance of the Artemisia-steppe in the region south of the
coring site, suggesting rather dry environments during that time. However, the aridity of the
glacial climate was not extreme, as indicated by high percentages of grass pollen, the presence
of arboreal vegetation and the relatively minor contribution of Ephedra. The presence of
Ephedra fragilis-type pollen (a taxon characteristic of the arid subtropical and tropical
regions) might indicate that mean temperatures at sea level of the warmest month were still
rather high (Tarasov et al., 1998a). On the other hand, the continuous presence of temperate
summer-green tree taxa and the presence, albeit discontinuous, of warm-temperate summer-
green tree taxa suggest that mean temperatures of the coldest month were warmer than -15°C
but somewhat colder than -2°C (Prentice et al., 1996). The results of quantitative biome
reconstruction (Fig. 6, 71, 7J) complement the qualitative interpretation of the pollen record.
Reconstructed scores of the steppe biome (Fig. 7J) are highest in the record (~14-19),
suggesting that steppe vegetation predominated in the region. Scores of the temperate
deciduous forest biome (Fig. 71), although low (~2-7), nevertheless suggest the presence of
woody vegetation in the region. The isolated forest patches dominated by pines, junipers and
oak trees scattered in the open landscape most likely occupied lowlands and valleys crossing
the Pontic Mountains and opening towards the Black Sea.
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Fig. 6. Simplified pollen percentage diagram and calculated biome scores for selected biomes
from the analysed part of the core 22-GC3. A x10 exaggeration of the horizontal scale is used
to show changes in low taxa percentages.

Our interpretation corroborates the vegetation reconstruction based on the marine core
2345 pollen record, from the western part of the Black Sea (Filipova-Marinova, 2006b), and
on the terrestrial pollen records from lakes in northern (Bottema et al., 1995), central and east
Anatolia (Bottema and Woldring, 1984; Litt et al., 2009), which all reveal dominant steppe
vegetation reflecting a colder and drier-than-present climate during the Pleniglacial.

The pollen data from the Aegean Sea (Kotthoff et al., 2008) and particularly the
terrestrial pollen record from Tenaghi Philippon in north-western Greece (Miiller et al., 2011)
reveal relatively high contents of arboreal pollen (mainly Pinus with some admixture of
deciduous Quercus, Juniperus, Betula, Corylus, Tilia and Ulmus) around 15-21 kyr BP,
possibly reflecting similar, or even wetter, and more variable conditions in the Aegean region
in comparison to the 22-GC3 record. Different moisture conditions could be explained by
differences between the main moisture sources. During the glacial period the shift of the
westerly jet towards the equator (Chapman and Maslin, 1999) would have led to more
pronounced dry conditions in central and northern Europe and relatively wet conditions in the
Mediterranean (Kwiecien et al., 2009) including the Aegean region. At present, the northern
slopes of the Pontic Mountains receive moisture mainly from the Black Sea (e.g. Badertscher
et al., 2011). During the glacial period, low temperatures caused relatively low evaporation
from the Black Sea surface that together with the decreased moisture from the Atlantic Ocean

resulted in a relatively dry climate and vegetation in northern Anatolia.
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In order to approximately quantify the climatic conditions in northern Anatolia at ~18
kyr BP, we consider quantitative reconstructions of the Pleniglacial climate and vegetation in
the study region. Pollen-based climatic reconstructions performed for several sites from the
Mediterranean region (Peyron et al., 1998) revealed a much lower-than-present mean
temperature of the coldest month (by 15+5°C) and the year (by 10+5°C) about 18 kyr BP as
well as 20% lower available moisture, with a precipitation anomaly of -600+200 mm/yr. The
climate reconstruction for the sites from Georgia (Tarasov et al., 1999), which are
geographically and climatically close to the area represented by the 22-GC3 pollen record,
suggests that during the LGM the mean temperature of the coldest month varied from -8° to -
4°C, the mean temperature of the warmest month was around 17-20°C and precipitation
varied from ~300 mm/yr at low-elevation sites to ~650-750 mm/yr at higher-elevation sites.
Colder and dryer conditions result in a wide spread of the herbaceous vegetation (cool steppe,
tundra) in Mediterranean (Tarasov et al., 1998b) and around the Black Sea (Tarasov et al.,
1999). Similar to pollen record of 22-GC3, biome reconstructions reveal presence of forest
biomes (including cool mixed, cool conifer and taiga forest) in the western Caucasus and on
the coast of the Sea of Azov, suggesting that forest vegetation could survive the coldest and
driest phase of the last glacial in the locally favourable environments (Tarasov et al., 1999).

The well-known hemispheric trend of warming at the end of Heinrich Event 1
(Svensson et al., 2008) had a pronounced hydrological impact in the subtropical north-east
Atlantic (Bard et al., 2000) and caused an increase in sea-surface temperature in the western
Mediterranean (Cacho et al., 2000), melt-water pulses and a possible connection of the Black
Sea with the Caspian Sea (Badertscher et al., 2011), and ‘red layer’ deposition through the
change of the dominant sediment source as a response to reorganization of
atmospheric/oceanic circulation (Kwiecien et al., 2009). The melt-water pulse (MWP) is
clearly demonstrated by a depletion of §'%0 values in isotope records of stalagmite So-1 from
the Sofular Cave (Fig. 7B) in the western Pontic Mountains (Fig. 1), and from the combined
Black Sea 60 record (Fig. 7C) at ~ 16.1-14.5 kyr BP. Except for a slight increase in TEDE
biome scores (Fig. 71) after ~15.4 kyr BP, which could be considered as an indicator of
wetter/warmer conditions, the 22-GC3 pollen record, including the AP curve (Fig. 7H), shows
very weak responses of regional vegetation to the climate change. These are better expressed
in more negative 8°C values from Sofular Cave (Fig. 7K), usually interpreted as the
spreading of C3 plants, more dense vegetation and enhanced soil productivity through the

onset of warmer and more humid conditions (Fleitmann et al., 2009).
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4.3. Late-glacial interstadial complex ~14.5-12.9 kyr BP

LPZ 22GC3-6 (91-75 cm) demonstrates a sharp increase in arboreal taxa percentages,
up to 41% in the middle of this zone (Fig. 6, Table 5). The first increase in Pinus diploxylon-
type up to 20% is registered around 14.5 kyr BP and the peak (14%) in Quercus robur-type
appears around 13.5 kyr BP. These are separated by an interval with a short-term increase in
Artemisia, which still remains the dominant taxon (32-63%). Spores of mosses and ferns are
registered in the upper half of this zone. The biome reconstruction demonstrates an increase in
temperate deciduous forest biome scores (Fig. 71) with two peaks in TEDE reflecting an
increase in AP percentages (Fig. 7H). However, steppe biome still has the highest scores
(~14-16) and remains the dominant vegetation type (Fig. 7J). Observed changes in the pollen
composition and in reconstructed biome scores suggest a rise in temperature and precipitation,
which caused the spread of forest patches with a significant contribution of pines and oaks in
the Pontic Mountains.

The late-glacial interstadial ~ complex,  which  corresponds to  the
Meiendorf/Belling/Allered (MBA) interstadial complex in the terrestrial pollen records from
Central Europe (see Litt et al. (2003) for discussion and references) and to the Greenland
interstadial (GI) 1 of the 8'30 NGRIP record (Svensson et al., 2008) (Fig. 7A), is clearly
reflected in the 22-GC3 pollen diagram (LPZ 22GC3-6) by higher percentages of arboreal
pollen (Fig. 6, 7H).

Table 5. Table of the Pollen Assemblage / Abundance Zones.

Pollen Assemblages (minimum — maximum %) Period
Zone (kyr BP)
22GC3-1 Pinus (18-40%) — Quercus (10-19%) — Alnus (7-14%) — Artemisia (5-12%) 0-1.6
22GC3-2  Pinus (7-24%) — Quercus (12-22%) — Alnus (7-14%) — Corylus (5-13%) — 1.6-5

Artemisia (6-12%) — Carpinus betulus (5-12%)

22GC3-3 Pinus (8-27%) — Quercus (11-18%) — Alnus (8-14%) — Fagus (6-14%) — Corylus ~ 5-8.5
(6-13%) — Carpinus betulus (6-11%) — Juniperus (2-11%)

22GC3-4  Artemisia (11-48%) — Quercus (13-30%) — Pinus (8-34%) — Chenopodiaceae (7-  8.5-11.5
17%)

22GC3-5  Artemisia (44-58%) — Chenopodiaceae (14-25%) — Quercus (6-13%) —Pinus (4- 11.5-12.8
9%)

22GC3-6  Artemisia (32-63%) — Pinus (7-22%) — Quercus (2-14%) — Chenopodiaceae (11-  12.8-14.53
12%)

22GC3-7  Artemisia (36-66%) — Chenopodiaceae (11-24%) — Poaceae (5-16%) — Pinus (2- 18-14.53
13%)

The Pinus percentage peak at ~ 14.5 kyr BP coincides with a prominent increase in §**C
values from the Sofular Cave dated to ~14.7-14.25 kyr BP (Fig. 7K), indicating a significant
increase in available moisture in northern Anatolia. Both records correlate to Gl 1le,

suggesting a synchronous response of the region to the warming in the North Atlantic. The
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regional increase in Pinus pollen percentages was also detected in the core 2345 record from
the western Black Sea (Filipova-Marinova, 2006b) and in the northern Anatolian pollen
record from Yenicaga Lake (Bottema et al., 1995). In the SL 152 pollen record from the
Aegean Sea, the onset of the MBA interstadial complex is indicated by a prominent increase
in deciduous Quercus percentages (Kotthoff et al., 2008).

Considering hydrological changes, primary productivity in the Black Sea increased
already from ~14.7 kyr BP, as indicated by a slow but steady increase in the concentration of
dinocysts during ~14.7-14.3 kyr BP (Fig. 7G), in line with a temperature increase at the
beginning of GI 1e. Comparison of different proxies from the core 22-GC3 shows a delayed
increase in Ca precipitation at the beginning of Gl 1e (Fig. 7E), which can be explained by a
mixed authigenic and allogenic nature of Ca in the sediment. While allogenic Ca depends on
terrigenous supply, authigenic carbonate precipitation is a typical process in lakes, and is
caused by CO; assimilation and pH-increase through intensified phytoplankton blooms during
warm periods (Bahr et al., 2005 from Leng and Marshall, 2004). Prior to ~14.5 kyr BP, Ca
and Ti curves in core 22-GC3 (Fig. 7D, 7E) proceed in parallel, which indicates a mostly
terrigenous origin of Ca. A sharp decline in Ti at ~14.4 kyr BP coincides with an increase in
arboreal pollen percentages (and in vegetation cover density) causing a decrease in melt-water
and surface run-off. The switch from primary terrigenous to primary authigenic Ca origin
started after ~14.2-14 kyr BP with the beginning of Gl la-c and took ~500 yr after the
beginning of warming suggested by other proxies.

The interval ~14.2-14 kyr BP experienced relatively cool and dry conditions, as
suggested by low arboreal pollen values (Fig. 7H), and thus can be correlated to GI 1d in the
NGRIP ice core (Fig. 7A). The impact of cooler/drier conditions on vegetation cover is also
clearly visible in more positive 8*3C values from the Sofular Cave (Fig. 7K), lower dinocyst
concentrations (Fig. 7G), and in the regional marine (Filipova, 2006b; Kotthoff et al., 2008)
and terrestrial pollen data (Bottema et al., 1995) from the eastern Mediterranean.

The interval from ~14 to ~12.9 kyr BP is characterized by relatively high TEDE biome
scores (Fig. 71) and by a corresponding decrease in 8'*C values from the Sofular Cave (Fig.
7K). Similar to other high-resolution pollen records in Europe and eastern Mediterranean (e.g.
Litt et al., 2003; Kotthoff et al., 2008; Litt et al., 2009), the pollen record from 22-GC3 clearly
indicates Gl la-c in the NGRIP ice core (Fig. 7A). During Gl la-c, the further spread of
forests in northern Anatolia is reflected by an increase in Quercus, Corylus, Ulmus and Abies
pollen percentages, indicating warmer and wetter environments than during the earlier

interval. The regional open forests were dominated by pines and oaks, with some elm and
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hazel at lower altitudes and birches and firs at higher altitudes. An increase in available
moisture in the study region is indicated by the spread of woody taxa (particularly
temperate/boreal conifers) and by the more regular occurrence of fern and moss spores in the
22-GC3 record (Fig. 6). Warming in northern Anatolia during Gl la-c can be seen in the
proxies representing terrestrial environments, including pollen, isotopes (Fig. 7H-J) and Ti
concentrations (Fig. 7E). A similar trend is suggested by an increase in Ca values (Fig. 7D),
reflecting more autogenic Ca precipitation due to a rise in the primary productivity of the

Black Sea, also indicated by high concentration of dinoflagellate cysts (Fig. 7G).

4.4. Late-glacial stadial (~12.9-11.7 kyr BP)

Pollen data of LPZ 22GC3-5 (75-53.5 cm) reveal an abrupt decrease in arboreal taxa
percentages, mainly due to a decrease in Pinus diploxylon-type percentages (Fig. 6, Table 5).
Quercus robur-type pollen percentages decrease slightly at the bottom of the zone and later
increase again. Pollen of euxinian elements are rare, likely indicating climate cooling,
particularly during the winter. Herbaceous taxa, mainly Artemisia and Chenopodiaceae,
increase up to 85%. Biome reconstruction shows a decrease in TEDE biome scores, while
STEP scores remain stable at a high level (~14-16), suggesting that steppe remained the
dominant biome and the total area occupied by woody vegetation decreased in comparison to
the interstadial. The stadial climatic oscillation is clearly indicated by all analysed proxies,
which point to reduced vegetation cover (Fig. 7H), and increased soil erosion and terrigenous
supply, indicated by high Ti values (Fig. 7E). They also point to decreased primary
production due to the lowering of summer sea-surface temperature, indicated by a decrease in
Ca precipitation (Fig. 7D) and in dinoflagellate cyst concentrations (Fig. 7G).

Bottema (1995), discussing patterns of vegetation development in the eastern
Mediterranean during the Younger Dryas, noted that pollen records from northern Anatolia
and eastern Greece all demonstrate the spread of herbaceous communities and the retreat of
arboreal vegetation, reflecting increased climate aridity in the region. The same conclusion
can be derived from the 22-GC3 record, in which percentages of Artemisia, Chenopodiaceae
and Ephedra pollen are almost as high as during the Pleniglacial interval, prior to 14.5 kyr BP
(LPZ 22GC3-7). However, the Younger Dryas in the northern Anatolia was definitively not as
dry and cold as during the Pleniglacial interval. Relatively high percentages of deciduous
Quercus (6-13%) (Fig. 6) and TEDE biome scores (Fig. 71) support this interpretation, in line
with the other recently published high-resolution palaeobotanical records from central Europe

(e.g. Kossler, 2010) and northern and eastern Asia (e.g. Stebich et al., 2009; Tarasov et al.,
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2009; Bezrukova et al., 2010; Miiller et al., 2010; Litt et al., 2009). The §"°C record from the
Sofular Cave (Fig. 7K) also supports the relatively mild scenario of the Younger Dryas.

However, the reconstruction of the Younger Dryas environments in the northern
borderlands of the Aegean Sea derived from the SL152 marine pollen record suggests it was
the driest interval of the past 20 kyr (Kotthoff et al., 2008). Their conclusion is based on the
fact that pollen of the semi-desert Ephedra (mainly Ephedra distachya-type) reaches a
maximum of 25% at ~11.9 kyr BP. Evidence that the Younger Dryas was dryer than the
Pleniglacial, however, does not appear in the terrestrial pollen records from the region,
including Tenaghi Philippon (Miiller et al., 2011). The latter record demonstrates a decrease
in eurythermic conifer (i.e. Pinus) pollen percentages during the Younger Dryas, but
relatively high percentages of deciduous and evergreen Quercus pollen, suggesting rather
warm winter and summer temperatures and relatively high evaporation losses (i.e. higher than
during the Pleniglacial). A plausible explanation for the disagreement between the records
from the Aegean Sea and the Black Sea regions might involve changes in the wind and
circulation regimes. Climate modelling experiments (e.g. Kutzbach et al., 1993) suggest a
shift of the summer westerly jet from the Mediterranean Sea region to a more northerly
position between 18 and 12 kyr BP, in response to the decrease in ice volume and the increase
in insolation. This change would positively affect the moisture balance of the Black Sea
region, including the northern and western slopes of the Pontic Mountains, as suggested by
the records.

One of the challenging questions in the regional vegetation development during the
Younger Dryas remains the significant decline in pine pollen percentages and the rather weak
reaction of oaks (e.g. Kotthoff et al., 2008; Miiller et al., 2011; this study). Kotthoff et al.
(2008) interpreted the decrease in Pinus percentages through direct elimination of pines
growing in coastal areas by a rapid rise in sea level. However, such an explanation might not
be enough to account for changes in the Black Sea region, where the first increase in sea level
had already occurred during the melt-water pulse around ~16 kyr BP (Badertscher et al.,
2011). An alternative hypothesis of vegetation distribution in southern Europe (Beug, 1967b,
1977) suggested that during the glacial colder and drier conditions trees could grow in the
altitudinal belt between 500 and 800 m. Higher altitudes were too cold for tree growth and
lower altitudes were too dry with the exception of river valleys and lake terraces. In the
modern natural vegetation of inner Anatolia (Fig. 2 and 3) pine trees represent the upper tree
line with low temperatures, whereas oak and juniper trees mark the lower tree line under dry

conditions (e.g. Mayer and Aksoy, 1986). Regarding tree lines in Northern Anatolia, Younger
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Dryas pine reduction is related to upslope migration of pines during the Bolling/Allered
warming / humidity increase, their displacement in the middle mountain belt by oaks and
damage to pine populations in the upper mountains by a sudden onset of cool / dry climate

conditions in the Younger Dryas.

4.5. Early Holocene (~11.7-8.5 kyr BP)

The early Holocene time interval in the 22-GC3 pollen record (Fig. 6, Table 5) is
represented by the pollen zone LPZ 22GC3-4 (53.5-48.5 cm). A marked increase in arboreal
pollen from 25 to 55% occurs prior to ~10 kyr BP. The main arboreal pollen taxa remain
Quercus robur-type and Pinus diploxylon-type, representing deciduous oaks and pines. Pollen
of euxinian and Mediterranean taxa, and spores of mosses and ferns appear more often,
suggesting warming / humidity increase of the regional climate. Percentages of herbaceous
taxa decrease in abundance, indicating the onset of wetter conditions. The biome
reconstruction demonstrates an increase in TEDE scores to ~12, suggesting a recovery of
forest communities with a significant contribution of oaks and pines. Scores of the STEP
biome show a decrease (~14), indicating that steppe communities still played an important
role in the regional vegetation during the early Holocene. The early Holocene increase in
woody cover coincides well with more negative 8'3C values (Fig. 7K).

The relatively open character of the landscape, which could be similar to modern
vegetation in central Anatolia (Fig. 2, 3), and still high erosion processes are indicated by
occasional occurrence of Sporormiella-type and permanent presence of Glomus-type. The
latter statement seems to contradict the lower Ti values (Fig. 7E), reflecting decrease of
terrestrial supply. As a possible explanation for this contradiction we suggest differences in
source areas of Ti, as a main component of clays in sediment transported by winds from
relatively wide areas, and of fungal spores, possibly reflecting surface erosion of narrow
coastal areas. Dinocyst concentrations (Fig. 7G) and Ca intensity (Fig. 7D) reflect the increase

in primary productivity synchronously with reconstructed changes in vegetation.
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Fig. 7. Diagram summarizing key proxies from the Black Sea region, eastern Mediterranean
and North Atlantic discussed in the text: (A) 20 record from the NGRIP ice core (Svensson
et al., 2008); (B) 5'%0 record from the Sol stalagmite from the Sofular Cave (Badertscher et
al., 2011); (C) combined 520 record from Black Sea sediment cores (this study); (D) Ca and
(E) Ti intensity from XRF scanning of the core 22-GC3 (this study); (F) concentration of
marine and (G) fresh/brackish dinocysts in 1 cm® of the 22-GC3 core sediment (this study);
(H) arboreal pollen percentages (AP) in the 22-GC3 record (this study); numerical scores of
(1) temperate deciduous forest (TEDE) and (J) steppe (STEP) biomes (this study); and (K)
8'3C record from the Sofular Cave (Fleitmann et al., 2009). Mc indicates opening of the
Mediterranean—Black Sea corridor, YD — Younger Dryas, a-c and e — stages of the Greenland
Interstadial 1 (Gl 1) as defined in Svensson et al. (2008), MWP — melt-water-pulse (after
Badertscher et al., 2011).
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The transition to the Holocene is well reflected by the regional pollen records. The
relatively quick spread of forest vegetation in different areas within the eastern Mediterranean
region indicates variable but generally short distances from their late-glacial refugia. Oak
dominated forests spread in the western part of the Black Sea (e.g. Filipova-Marinova,
2006b), in the Aegean Sea region (e.g. Kotthoff et al., 2008) and in eastern (Litt el al., 2009)
and northern Anatolia (e.g. Bottema et al., 1995; this study). Pollen records from more
continental central Anatolia demonstrate the spread of oak forests with Pistacia (e.g. Roberts
et al., 2001), whereas in eastern Anatolia Pistacia forests play a greater role at that time (e.g.
Wick et al., 2003; Litt et al., 2009). The pollen diagrams from the relatively humid Caucasus
region reveal higher percentages of Abies, Carpinus, Fagus and Alnus, (e.g. Arslanov et al.,
2007; Connor and Kvavadze, 2008; Shatilova et al., 2011), suggesting the spread of temperate

deciduous and cool mixed forests.

4.6. Middle Holocene (~8.5-5 kyr BP)

The middle Holocene is represented by LPZ 22GC3-3 (48.5-31 cm). This pollen zone
(Fig. 6, Table 5) reveals a marked increase in pollen concentrations (up to 135,000 grains per
1 cm®), the dominance of arboreal pollen taxa (up to 95%) and the dominant role of Fagus,
Carpinus betulus, Corylus, Alnus, Tilia, Castanea and other euxinian and Mediterranean
elements. Herbaceous taxa pollen percentages are low and Glomus spores are infrequent.

Pollen spectra (Fig. 6) indicate rapid spreading of temperate deciduous forests in
northern Anatolia at ~8.3 kyr BP. The development of euxinian forests, including Fagus,
Carpinus betulus, Alnus and Corylus with their characteristic elements, such as Hedera helix
and Taxus, indicates establishment of the natural vegetation similar to that at present,
including species-rich warm mixed and temperate deciduous forests in the low elevation belt,
temperate-deciduous beech-hornbeam forests in the middle and cool conifer forest in upper
mountain belt (Fig. 3). The highest percentages of arboreal pollen together with high scores of
temperate forest characterize the middle Holocene as the most humid and warm period of the
last 18 kyr.

A distinct change in the pollen spectra (Fig. 6) at the border between Unit 11 and Unit 11
(Fig. 5A), in the core 22-GC3, is known from the other Black Sea pollen records (Filipova et
al., 1983; Atanassova and Bozilova, 1992; Shopov et al., 1992; Atanassova, 2005; Filipova-
Marinova, 2006a, 2006b; Mudie et al., 2002a, 2007). These simultaneous changes in the core
lithology and pollen record are accompanied by a major change in dinocyst assemblages,

reflecting a shift from fresh/brackish (lacustrine) to salt-water (marine) environments (Fig. 7F,
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7G). The increase in salinity and the onset of sapropel formation in the Black Sea at ~8.3 kyr
BP (Unit 111/11) are explained by the opening of the Mediterranean corridor (e.g. Lamy et al.,
2006; Marret et al., 2009; Verleye et al., 2009). The sharp change in pollen assemblages,
including a distinct increase in pollen concentration, could be explained possibly by (i) a
hiatus in sedimentation, (ii) better pollen preservation in anoxic environments and higher
pollen concentrations under lower sedimentation rates, or/and (iii) the onset of wetter /
warmer climatic conditions causing increase in vegetation cover density and possibly in
pollen production.

The occurrence of a sedimentary hiatus is unlikely, since the magnetic susceptibility
(Fig. 4), Ca and Ti values (Fig. 7D, 7E) in the core 22-GC3 analysed at higher resolution
demonstrate rather gradual changes, suggesting a continuous sedimentation process. Pollen
preservation indeed plays a very important role in regional palynological studies (e.g.
Bottema et al., 1995), so that development of anoxia could be a good explanation for the
better preservation of some pollen types with a thin and easily corroded exine layer (e.g.
Juniperus, Taxus). However, the increase in the percentages of most other pollen with
relatively thick stable exine (e.g. Fagus, Alnus, Carpinus betulus, Tilia etc.) requires a
different explanation. Considering climatic changes, the onset of wet and warm conditions is
revealed by terrestrial records from the Black Sea region. The mid-Holocene warm and moist
climate was reconstructed using the pollen record from Yenicaga Lake in northern Anatolia
(Bottema et al., 1995) and Lake Van in central Anatolia (Wick et al., 2003; Litt et al., 2009),
where a noticeable increase in arboreal pollen percentages and change in taxa composition
occurred at ~8 kyr BP. Pollen-based environmental reconstructions from Georgia (Connor
and Kvavadze, 2008) also reveal the “climatic optimum” conditions about 7-4 kyr BP. Since
moisture in northern Anatolia originates mainly from the Black Sea (Badertscher et al., 2011),
high evaporation rates from the Black Sea surface and dominance of north-western winds are
suggested to play a crucial role for Northern Anatolian precipitation regimes and, through
these, also for vegetation. We consider changes in the regional climate accompanied by
changes in the sedimentation rates as the most plausible reason for observed changes in the
pollen diagram. While the resolution of the pollen record from 22-GC3 is about 300-320 yr
during the transition period, “rapid” change in pollen spectra actually covers several
generations of trees.

In contrast to marine and terrestrial pollen records, 8**C from the Sofular Cave (Fig.
7K) do not show any significant changes at ~ 8.3 kyr BP. The &'C record reacts very

sensitively to climatic change during the late-glacial interval, when change in C4/C3 plants
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was prominent. We assume that after the establishment of forest (C3-plant dominated)
communities in northern Anatolia in the early Holocene, the 8*3C record is possibly not able

to reflect a further increase in available moisture.

4.7. Late Holocene (~5 kyr BP-present)

The late Holocene interval is represented by LPZ 22GC3-2 and LPZ 22GC3-1 (Fig. 6,
Table 5). Pollen spectra of LPZ 22GC3-2 (31-13 cm, 5-1.6 kyr BP) show a decrease in
arboreal taxa (72-84%). Pinus diploxylon-type, Quercus robur-type, Corylus and Alnus
remain dominant taxa, but Fagus and Carpinus betulus pollen become less abundant and
Abies and Taxus almost disappear. Herbaceous taxa, mainly Artemisia (7-12%) and
Chenopodiaceae (2-4%), but also Poaceae, Apiaceae and Plantago lanceolata-type, show
higher values. Scores of temperate deciduous/warm mixed forest remain high but are lower
than in the previous zone (Fig. 6), and steppe scores increase to ~6-9, indicating some
opening of the landscape. These trends continue in LPZ 22GC3-1 (13-0 cm, 1.6-0 kyr BP),
which in addition demonstrates a decrease in Corylus percentages (2-5%) and the more
common occurrence of taxa, known as anthropogenic indicators, i.e. Juglans, Phillyrea,
Ericaceae, Platanus orientalis, Plantago lanceolata-type and Rumex.

The decrease in arboreal pollen percentages and the increase in Artemisia,
Chenopodiaceae and Poaceae after ~ 5 kyr BP indicate changes in the environment, which can
be caused by climatic change, human impact, or by the combined effect of these factors. As
mentioned (see 4.1.), it is difficult to separate anthropogenic and natural factors in the
regional pollen diagrams, particularly in marine records. Climatic and anthropogenic reasons
for a change in pollen spectra at around ~4-6 kyr BP have been discussed by different authors
(e.g. Behre, 1990; Bottema and Woldring, 1990; Roberts et al., 2011). A more robust
interpretation can be obtained by involving the other proxies, which cannot be directly
influenced by human activities (e.g. isotope records of precipitation) and climate/vegetation
modelling results (e.g. Tarasov et al., 2006; Kleinen et al., 2011). The rainfall reconstruction
during the last 7 kyr, derived from speleothems of the Soreq Cave in Israel, demonstrates an
abrupt shift in precipitation from 500-600 mm/yr to 400-500 mm/yr after 4.5 kyr BP (Bar-
Matthews and Ayalon, 2004), indicating the onset of drier conditions in the late Holocene.
While a simple palaeo-rainfall indicator value of the oxygen isotope ratios in the speleothems
from the eastern Mediterranean are under discussion (Frumkin et al., 1999; Kolodny et al.,
2005), climate-based modelling of the changes in Eurasian forest cover over the past 8,000

years (Kleinen et al., 2011) is in agreement with this reconstruction in the south-eastern part
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of the Mediterranean region, but shows the Holocene trend towards a cooler climate in the
Black Sea region accompanied by an increase in precipitation and in woody cover. This
cooling trend is possible to trace in the 22-GC3 pollen record and in the pollen-based biome
reconstruction. Particularly, an increase in non-dominant taiga (TAIG) biome scores in the
upper part of the record (Fig. 6) likely indicates a strengthening of quasi-boreal elements in
vegetation communities at higher elevations, in response to a relative cooling. The opening of
the landscape suggested by the 22-GC3 pollen record thus might indicate deforestation due to
human activities. Carpinus betulus and C. orientalis are typical pioneer trees, developing after
the cutting of Fagus forests (Mayer and Aksoy, 1986), so that the increase in Carpinus
betulus and Ostrya-type pollen could speak for deforestation. Pollen of Plantago lanceolata-
type and Apiaceae, which appears more frequently after 3.5 kyr BP, could be interpreted as
being due to increased pasture area (e.g. Bottema and Woldring, 1990). The more frequent
appearance of a few typical indicators of the “Beysehir Occupation Phase” (Juglans,
Platanus, Rumex) started in our record only at ~1.5 kyr BP, whereas other characteristic types
of this phase do not show any significant changes (Olea, Fraxinus ornus, Cerealia-type, Vitis,
Sanguisorba minor-type), or even decrease (Castanea, Juniperus) in comparison to previous
periods. The latter finding corresponds well with Bottema et al. (1986), underlining the fact
that indicators of the “Beysehir Occupation Phase” are very typical of south-western Turkey
and have not been found in diagrams from northern and eastern Turkey. Terrestrial pollen
records from western (e.g. Tonkov et al., 2011), southern (e.g. Beug, 1967a; Bottema et al.,
1995; Roberts et al., 2001; Vermoere et al., 2002; Wick et al., 2003; Litt et al., 2009) and
eastern (e.g. Connor et al., 2007) regions reveal anthropogenic impact starting at ~4 kyr BP.

5. Conclusions

Vegetation and environmental dynamics in northern Anatolia during the last 18 kyr are
reconstructed using multi-proxy records from the upper 305 cm section of the Black Sea core
22-GC3. In general, signals from terrestrial northern Anatolian and Black Sea systems reflect
well northern hemispheric climatic evidence. This suggests a cold and dry late Pleniglacial,
melt-water pulses, warming / humidity increase during the late-glacial Interstadial, cool and
dry late-glacial Stadial, increase in temperatures and humidity at the beginning of Holocene,
and the most moist and warm conditions during the mid-Holocene. However, different
records reveal their different sensitivity to climatic changes.

Increase in humidity during the melt-water pulses, indicated by 5'°0 records from 22-

GC3 and the Sofular Cave (~16.1-14.5 kyr BP), is better reflected in more negative §°C
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values of speleothems from the Sofular Cave, and interpreted as spread of C3 plants. In
contrast, the pollen response in 22-GC3 is very weak.

Gl le (~14.7-14.2 kyr BP) is indicated by an increase in dinocyst concentrations,
reflecting higher primary productivity in the Black Sea, as well as in higher pine pollen
percentages and more negative §°C values in the Sofular Cave. A switch from primary
allogenic to primary authigenic Ca occurs first at ~14 kyr BP. This event together with spread
of oaks and higher concentrations of dinocysts strongly suggest further increases in
temperature during Gl 1a-c (~14-12.9 kyr BP).

Onset of the late-glacial stadial is clearly reflected by terrestrial (decrease in arboreal
pollen in 22-GC3, more positive 8*3C values in the Sofular Cave) and marine (decrease in
primary productivity, indicated by decrease in Ca and in dinocysts concentrations) records.
Thereby, reconstructions from 22-GC3 suggest milder conditions during the late-glacial
stadial in comparison to the late Pleniglacial. A pronounced decrease in pine percentages
during the late-glacial stadial, also known from Eastern Mediterranean, is explained by
upslope migration of pines with establishment of oaks in the middle mountain belt during the
Gl la-c and pine population damage during the late-glacial stadial.

Warming / humidity increase at the beginning of Holocene is clearly and synchronously
indicated by terrestrial and marine signals. Thereby early Holocene vegetation in northern
Anatolia presented mainly by oaks and pines likely reflects relatively dry environments.

Spreading of euxinian vegetation in northern Anatolia started after ~8.3 kyr BP and is
correlated to the establishment of more saline conditions in the Black Sea after an inflow of
Mediterranean water into the basin, indicated by changes in dinoflagellate cyst assemblages.
Changes in the regional climate are suggested to play a crucial role in mid-Holocene
vegetation changes.

The late Holocene vegetation changes in northern Anatolia were possibly caused by
climate cooling, indicated by increase in TAIG biomes, and increased anthropogenic
activities, indicated by a reduction in forest cover as well as by higher percentages of Ostrea-

type, Juglans, Platanus.
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Table Al. Terrestrial pollen taxa identified in the 22-GC3 core record and used in the biome

reconstructions.

Biome full/abbreviated
name (after Prentice et
al., 1996)

Plant/pollen taxa included (after Peyron et al., 1998; Tarasov et al., 1998b, 2000)

Acrctic/alpine
tundra/TUND

Cold deciduous
forest/CLDE

Taiga/TAIG

Cold mixed
forest/CLMX

Cool conifer
forest/COCO

Cool mixed
forest/ COMX

Temperate deciduous
forest/TEDE

Broad-leaved
evergreen/warm mixed
forest/WAMX

Xerophytic
woods/scrub/XERO

Steppe/STEP

Desert/DESE

Alnus, Betula, Cyperaceae, Ericales, Gentianaceae, Poaceae, Polygonum, Rumex,
Salix, Saussurea, Saxifragaceae, Scrophulariaceae, Valeriana

Alnus, Betula, Ericales, Juniperus, Pinaceae, Pinus subgen. Diploxylon-type, Pinus
subgen. Haploxylon-type, Salix

Abies, Alnus, Betula, Cornus, Ericales, Juniperus, Picea, Pinaceae, Pinus subgen.
Diploxylon-type, Pinus subgen. Haploxylon-type, Salix, Sambucus, Sorbus,
Viburnum

Abies, Alnus, Betula, Carpinus, Cedrus, Cornus, Corylus, Ericales, Fagus, Frangula,
Juniperus, Pinaceae, Pinus subgen. Diploxylon-type, Prunus, Salix, Sambucus,
Sorbus, Taxus, Tilia, Ulmus, Viburnum

Abies, Alnus, Betula, Carpinus, Cornus, Corylus, Ericales, Fagus, Frangula,
Juniperus, Picea, Pinaceae, Pinus subgen. Diploxylon-type, P. subgen. Haploxylon-
type, Prunus, Salix, Sambucus, Sorbus, Tilia, Ulmus, Viburnum

Abies, Acer, Alnus, Betula, Carpinus, Cornus, Corylus, Ericales, Fagus, Frangula,
Fraxinus excelsior-type, Juniperus, Picea, Pinaceae, P. subgen. Diploxylon-type, P.
subgen. Haploxylon-type, Prunus, Quercus deciduous-type, Salix, Sambucus,
Sorbus, Tilia, Ulmus, Viburnum

Abies, Acer, Alnus, Betula, Buxus, Carpinus, Castanea, Cedrus, Cornus, Corylus,
Cotinus, Engelhardia, Ericales, Fagus, Frangula, Fraxinus angustifolia var.
oxycarpa-type, Fraxinus excelsior-type, Fraxinus ornus-type, Hedera, llex,
Juglandaceae, Juglans, Juniperus, Loranthus, Myrica, Ostrya, Pinaceae, P. subgen.
Diploxylon-type, Platanus, Prunus, Pterocarya, Quercus deciduous-type, Rhamnus,
Salix, Sambucus, Sorbus, Taxus, Tilia, Ulmus, Viburnum, Vitis

Acer, Alnus, Buxus, Carpinus, Carya, Castanea, Celtis, Cornus, Corylus, Cotinus,
Engelhardia, Ericales, Fagus, Frangula, Fraxinus angustifolia var. oxycarpa-type,
Fraxinus excelsior-type, Fraxinus ornus-type, Hedera, llex, Juglandaceae, Juglans,
Juniperus, Lauraceae, Loranthus, Myrica, Ostrya, Pinaceae, P. subgen. Diploxylon-
type, Platanus, Prunus, Pterocarya, Quercus deciduous-type, Quercus evergreen-
type, Rhamnus, Salix, Sambucus, Sorbus, Taxus, Tilia, Ulmus, Viburnum, Vitis

Caragana, Celtis, Genista, Juniperus, Olea, Phillyrea, Pinaceae, Pinus subgen.
Diploxylon-type, Pistacia, Prunus, Quercus evergreen-type, Fumana, Genista,
Hedysarum, Poaceae, Thymelaeaceae

Allium, Anagallis, Apiaceae, Artemisia, Asteraceae subfam. Asteroideae, Asteraceae
subfam. Cichorioideae, Ballota, Bistorta, Brassicaceae, Cannabaceae, Caragana,
Caryophyllaceae, Centaurea, Cerinthe, Chenopodiaceae, Circium, Convallaria,
Dipsacus, Fabaceae, Fagopyrum, Filipendula, Galeopsis, Genista, Geum,
Hedysarum, Helianthemum, Hippophae, Kickxia, Lamiaceae, Liliaceae, Litorella,
Lythrum, Matricaria, Mentha, Mercurialis, Molopospermum, Muscari, Narcissus,
Onosma, Papaveraceae, Plantaginaceae, Plantago, Plumbaginaceae, Poaceae,
Polygonaceae, Polygonum, Potentilla, Primula, Ranunculaceae, Rheum, Rhinanthus,
Rubiaceae, Rumex, Sanguisorba, Saussurea, Scabiosa, Scrophulariaceae, Senecio,
Spergula, Symphytum, Thalictrum, Thymelaeaceae, Tribulus, Valeriana, Verbena

Artemisia, Caragana, Chenopodiaceae, Ephedra distachia-type, Ephedra fragilis-
type, Haloxylon, Polygonum, Tamarix, Tribulus
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Abstract

In order to compare the sea-surface conditions in the Black Sea during the Holocene and
Eemian, sapropelic parts of marine core 22-GC3 (42°13.53'N/36°29.55'E, 838 m water depth)
were studied for organic-walled dinoflagellate cyst content. The record shows a change from
fresh/brackish assemblages (Pyxidinopsis psilata, Spiniferites cruciformis, Caspidinium
rugosum) to more marine assemblages (Lingulodinium machaerophorum, Spiniferites
ramosus complex) during each interglacial, due to the inflow of saline Mediterranean water.
The lacustrine — marine transitions in 22-GC3 occurred at ~8.3 kyr BP (if not stated
otherwise, all ages are given in cal kyr BP) during the early Holocene and ~128 kyr BP during
the early Eemian, slightly later compared to the onset of interglacial conditions on the
adjacent land. Dinoflagellate cyst assemblages reveal higher sea-surface salinity (~28-30)
(e.g. Spiniferites pachydermus, Bitectatodinium tepikiense, Spiniferites mirabilis) around
~126.5-121 kyr BP in comparison to the Holocene (~15-20) as well as relatively high sea-
surface temperature (e.g. Tuberculodinium vancampoae, Spiniferites pachydermus,
Spiniferites mirabilis) especially at ~127.6-125.3 kyr BP. Establishment of high sea-surface
salinity during the Eemian correlates very well with reconstructed relatively high global sea-
level and is explained as a combined effect of increased Mediterranean supply and high
temperatures at the beginning of the last interglacial. Changes in dinocyst record highlight the
importance of nutrients for the composition of the Eemian and Holocene dinocyst

assemblages.

Key words: Mediterranean — Black Sea reconnection; sea-surface temperature; sea-

surface salinity; nutrients; sea-level change; last interglacial
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1. Introduction

The Black Sea is a semi-closed basin that is connected to the Marmara and
Mediterranean Seas through the rather shallow Bosphorus sill (37 m below present sea level
(= bpsl)) and the deeper Dardanelles sill (87 m bpsl). Mediterranean water inflow causes a
sea-surface salinity of 17-18 in the modern Black Sea. During glacial periods when global or
Mediterranean sea level was below the depth of the Bosphorus sill, the Black Sea was cut off
from the Mediterranean Sea and turned into a giant freshwater/brackish lake (e.g. Ross et al.,
1978; Svitoch, 2008; Badertscher et al., 2011). In contrast, during interglacial periods and
high global sea levels, saline Mediterranean water spilled into the Black Sea and salinity
substantially increased. Several of these drastic hydrological changes from a
freshwater/brackish into a brackish/marine state are documented in sedimentary sequences
and speleothems (e.g. Ross et al., 1978; Svitoch, 2008; Badertscher et al., 2011). In particular,
the last intrusion of Mediterranean water into the Black Sea at around 9.3 kyr BP (Bahr et al.,
2008) has been intensively studied in order to confirm or disprove the “Noah’s flood
hypothesis” proposed by Ryan and Pittman (1998). As a result, numerous biological,
sedimentological and geochemical sediment records provide detailed information on the
hydrological state of the Black Sea for the last 25 kyr (e.g. Bahr et al., 2005, 2006; Yanko-
Hombach et al., 2007; Bahr et al., 2008; Kwiecien et al., 2008, 2009; Buynevich et al., 2011).
For this time interval, the lithostratigraphy of the late glacial and Holocene sediments of the
Black Sea consists of three lithological units (Ross and Degens, 1974; Hay et al., 1991; Lamy
et al., 2006). The lower Unit 111 is composed of lacustrine clays with occasional laminations,
deposited in the fresh- or brackish-water environments during the late glacial and the onset of
the Holocene. Unit 1l consists of finely laminated sapropel sediments (e.g. Ross and Degens,
1974; Lamy et al., 2006), whose formation started at around 8.3 kyr BP due to an increase in
salinity and anoxia formation. The youngest Unit | consisting of a finely laminated coccolith
ooze layer started to build at around 2.7 kyr BP (Lamy et al., 2006), when the
coccolithophorid Emiliania huxleyi was spreading in the Black Sea. This sedimentary
sequence reveals that the main changes in the Black Sea environment and sedimentation
during the Holocene were caused by a marked salinity increase as a result of the inflow of
Mediterranean water.

The pioneering studies of Wall et al. (1973) and Wall and Dale (1974) on organic-
walled dinoflagellate cysts (=dinocysts) provided the first biostratigraphic distribution and
palaeoecological relationships of dinocysts for the late Pleniglacial and the Holocene in the

Black Sea. A number of sediment cores mainly from the southern part of the Black Sea basin
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(Fig. 1) have highlighted the strong potential of dinocysts to estimate past sea-surface
conditions (Wall et al., 1973; Wall and Dale, 1974; Mudie et al.,, 2001, 2002, 2004,
Atanassova, 2005; Filipova-Marinova, 2006; Mudie et al., 2007; Marret et al., 2009; Verleye
2009; Mertens et al.,

around 8.3 kyr BP eliminated fresh/brackish Spiniferites cruciformis / Pyxidinopsis psilata

et al., 2012). Salinity increase during the Unit I11/Unit 1l transition at
assemblages, whilst Lingulodinium machaerophorum accompanied by Spiniferites species
became dominant. During the late Holocene, the peridinoid species Peridinium ponticum
dominated the dinocyst assemblages. Overall, the late glacial and Holocene changes in the
hydrology of the Black Sea known from sedimentary sequence, are clearly reflected by

changes in dinocyst assemblages.
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Fig. 1. Physiographic map of the Black Sea region showing locations of the investigated core
22-GC3 (coloured (red) star), cores 24-GC3 and GeoB 7622-2, used for development of the
age-depth model (colourless circle), Sofular Cave (colourless star), Eemian stratotype
Eltingen (colourless square), marine records of dinocysts, diatoms, foraminifers,
coccolithophorids referred to and discussed in the text (black circles). See PDF-file for
colours. Map sources: www.bgr.de, www.nowcoast.noaa.gov, www2.demis.nl.

Although interdisciplinary studies on cores taken during the Deep-Sea Drilling Project
(DSDP) in 1975 clearly demonstrate several reconnections of the Black Sea basin with the
1978), there is little detailed

information on the hydrological conditions in the Black Sea before 25 kyr BP due to a paucity

Mediterranean Sea during the Pleistocene (Ross et al.,

of well-dated sediment records. To fill this gap, we present here the first detailed organic-
walled dinoflagellate cyst record that allows semi-quantitative reconstructions of sea-surface
conditions of the Black Sea during the last interglacial. Comparison of the Eemian with the
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Holocene section from the same sequence reveals the impact of the Eemian climatic
conditions on the Black Sea. In order to verify our dinocyst-based reconstructions for the
Eemian and the Holocene, we compare them to the ones based on foraminiferal, mollusc,

diatom and coccolith assemblages from published studies.

2. Oceanographic setting of the Black Sea

The Black Sea has a surface area of about 4.23 x 10° km?, a volume of 5.55 x 10° km?,
and a maximal water depth of ~2258 m (Kosarev and Kostianoy, 2008). The northern part of
the basin is characterized by a wide (more than 200 km) flat bathymetry (water depth
averages 50 m). In contrast, the southern coast has a narrow shelf (only a few km wide), with
depths increasing abruptly from 100 m to 1500 m (Ozsoy and Unliiata, 1997; Kosarev and
Kostianoy, 2008). The drainage area of the Black Sea is about 2.5 x 10° km?, with more than
500 rivers flowing into the basin (Mikhailov and Mikhailova, 2008). Of these, the three
largest are the Danube, Dnieper, and Dniester, all of which enter at the north western edge of
the basin (Fig. 1).

The Black Sea is the largest meromictic basin in the world, and is characterized by a
permanent two-layered water structure. The upper 100-200 m thick layer has a sea-surface
salinity (SSS) of around 17-18 due to river discharges, whereas the lower 2000 m thick layer
has a SSS of 22.3 due to the inflow of Mediterranean waters via the Marmara Sea.
Temperatures in the Black Sea are characterized by seasonal changes at the surface (3.5-8°C
in winter and 23.5-25.5°C in summer), by the presence of a cold intermediate layer (CIL;
temperature 7.2°C), and by a relatively constant temperature in the deeper layers (9.2°C)
(Ginzburg et al., 2008; Tuzhilkin, 2008). The circulation system of the Black Sea surface
water (Fig. 2) demonstrates a cyclonal rim gyre with mesoscale western and eastern gyres,
and anticyclonal eddies along the coast (Oguz et al., 1993).

At present, the Black Sea has a positive water balance as precipitation (~300 km3yr™),
river discharge (~350 km®yr?) and inflow of Mediterranean water (~300 km3yr™) surpass
evaporation (~350 km3yr?). As a result, the outflow from the Black Sea through the

Bosphorus into the Marmara Sea averages ~600 km3yr™ (Ozsoy and Unliiata, 1997).
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Fig. 2. Map of the Black Sea region showing the surface water general circulation system of
the Black Sea (modified from Oguz et al., 1993), main rivers and straits. Thick (blue) lines
indicate the main water current with eastern and western gyres, and eddies are indicated by
thin (blue) lines. Coloured arrows show direction of in and outflow currents through the
Dardanelles, Bosphorus and Kerch straits: left (blue) for less salty surface water, right
(purple) for deeper saltier water. Colourless arrow indicates previous connection to the
Caspian Sea through Manych. Sea-surface salinities are given in purple numbers from Ugkag
(2005), Besiktepe et al. (1994), Ozsoy and Unliiata (1997), Kosarev et al. (2008). The
coloured (red) star shows the location of core 22-GC3. See PDF-file for colours. Map sources:
www.bgr.de, www.nowcoast.noaa.gov, www2.demis.nl.

The water exchange between the Black and Marmara Sea occurs in two layers: a sub-
surface inflow of Mediterranean and shallow outflow of Black Sea water. Warm (14.5 °C),
highly saline (37) Mediterranean waters enter the Black Sea basin through the Bosphorus
Strait, with the flow following the relief of the shelf and mixing with the overlaying CIL,
becoming colder (9.2 °C) and less saline (22.3) and sinking along the continental slope
(Ozsoy and Unliiata, 1997; Murray et al., 2005). Due to the permanent pycno- and haloclines,
annual renewal of the water occurs only to a depth of approximately 60-80 m (e.g.
Debol’skaya et al., 2007; Tuzhilkin, 2008); the water column below a depth of 100-200 m
represents a hydrogen sulphide zone, in which only anoxic processes take place (Kosarev and
Kostianoy, 2008), allowing good preservation of organic matter.

Besides salinity and temperature, surface layer characteristics such as light and nutrients
are very important for dinoflagellate distribution. According to Yayla et al. (2001), light
penetrates in the southern Black Sea into the upper 20-35 m. Under optimum light conditions,
phytoplankton growth rate is governed by the concentration of essential nutrients (Yunev et

al., 2002; Nezlin, 2008; Stel’makh et al., 2009), depending on the thermal stratification and
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mixing processes of the surface water. Intensive solar heating initiates surface water
stratification in summer. The vertical mixing of summer stratified waters occurs mostly by
CIL formation in winter, transporting heat and oxygen into the deeper water as well as
nutrients upwards into the photic layer (Yunev et al., 2005). Eddy dynamics (Zatsepin et al.,
2007) and upwelling along the Anatolian coast (e.g. Ozsoy and Unliiata, 1997) intensify

mixing processes of surface water in summer.

3. Material and methods

Cores 22-GC3 (839 c¢cm) and 22-GC8 (943 cm) were taken during the RV METEOR
cruise M72/5 in 2007 from the slope of the Arkhangelsky Ridge in the southeastern Black Sea
(42° 13.53' N/ 36° 29.55' E, 838 m water depth) (Fig. 1). The coring site is located 70-75 km
north-east of the Turkish coast, where the Kizilirmak and Yesilirmak rivers flow into the
Black Sea.

3.1 Chronology

Cores 22-GC3 and 22-GC8 were combined to a composite depth (Table 1) due to the
fact that core 22-GC3 contains a more complete Eemian sapropel but core 22-GC8 had a
deeper penetration into lacustrine sediments of the penultimate glacial. The cores were
therefore combined at the level of the onset of the Eemian sapropel (820.5 cm in core 22-GC3
and 809.5 cm in core 22-GC8) using visual core inspection supported also by magnetic
susceptibility and XRF logger data. A systematic correction of +11 cm has been applied to the
22-GC8 core below this reference depth (Table 1). The stratigraphic anchor-points for the last
glacial — Holocene and the penultimate glacial- Eemian in sediment cores 22-GC3 and 22-
GC8 are provided in Table 1. The age-depth model for the upper part of the core 22-GC3 (391
cm) was presented in Shumilovskikh et al. (2012), in which further details about the core can
be found. Because bulk carbonate and organic carbon are very sensitive to terrestrial
contamination (e.g. Jones and Gagnon, 1994; Lamy et al., 2006), ages for the uppermost 47
cm were obtained using direct lithological correlation (Unit I, Il and 1I1) with core GeoB
7622-2 (41°26.70°N, 31°04.00°E). The latter was radiocarbon (nine *C accelerator mass
spectrometry; AMS) dated on well preserved larval shells of the shallow marine mollusc

Mytilus galloprovincialis and organic matter (Lamy et al., 2006).
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Table 1. Stratigraphical control points for sediment cores 22-GC3 and 22-GC8®,

Original Composite Description Age
depth (cm)  depth (cm) (cal kyrs BP)

Last glacial - Holocene

0! 0 surface of the core is assumed to be of modern age 0

14! 14 Unit 1, final coccolith invasion, ages from Lamy et al. (2006) 1.7
20* 20 Unit 1, first coccolith invasion, ages from Lamy et al. (2006) 2.7
47" 47 Unit 11/ 11 boundary, ages from Lamy et al. (2006) 8.3
55 55 Basis of Holocene, age from Kwiecien et al. (2008) 11.7
74 74 ¥C AMS age from core 24-GC3 linked through XRF Ca and Ti/Ca to 22-GC3 12.6
79* 79 ¥C AMS age from core 24-GC3 linked through XRF Ca and Ti/Ca to 22-GC3 13.7
80* 80 ¥C AMS age from core 24-GC3 linked through XRF Ca and Ti/Ca to 22-GC3 14.0
81* 81 ¥C AMS age from core 24-GC3 linked through XRF Ca and Ti/Ca to 22-GC3 14.4
121* 121 ¥C AMS age from core 24-GC3 linked through XRF Ti/Ca to 22-GC3 15.0
227" 227 4C AMS age from core 24-GC3 linked through XRF Ti/Ca to 22-GC3 16.8
303! 303 ¥C AMS age from core 24-GC3 linked through XRF Ti/Ca to 22-GC3 17.9
333! 333 ¥C AMS age from core 24-GC3 linked through XRF Ti/Ca to 22-GC3 18.6

Penultimate glacial - Eemian

794! 794 pollen-stratigraphic correlations to Monticchio (Allen and Huntley, 2009) and loannina 284 123
(Tzedakis et al., 2003) pollen records

812! 812 pollen-stratigraphic correlations to Monticchio (Allen and Huntley, 2009) and loannina 284 1275
(Tzedakis et al., 2003) pollen records

809.52 820.5  correlation of ostracod 50 record with Z°Th dated Sofular Cave §*%0 record (Badertscher et 128.8
al., 2011)

821.52 8325  correlation of ostracod 50 record with Z°Th dated Sofular Cave §'®0 record (Badertscher et 130.4
al., 2011)

848.52 859.5  correlation of ostracod 50 record with Z°Th dated Sofular Cave §*%0 record (Badertscher et 131
al., 2011)

905.5 916.5  correlation of ostracod 5*0 record with 2°Th dated Sofular Cave 80 record (Badertscher et 132.7
al., 2011)

The anchor points for the marine unit of core 22-GC3 are the transition from Unit Il to
Unit Il at 8.3 kyr BP, as well as the first (2.7 kyr BP) and final (1.7 kyr BP) coccolith invasion
(Fig. 3). Since the abundance of datable bivalve and ostracod shells in the Black Sea
sediments strongly decreases with increasing water depth due to the preferentially shallow
water depth habitat of these organisms, several attempts to extract enough datable shell
carbonate material from sediment core 22-GC3 were not successful. In order to overcome this
problem, we exported for the chronostratigraphy of the late glacial lacustrine Unit 11l

sediments a sequence of 8 ostracod *C-AMS ages from the shallower nearby sediment core
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24-GC3 (41°28.66'N, 37°11.68 E; 208 m waster depth) (Table 2) to sediment core 22-GC3
through a detailed correlation of XRF measurements on both cores (Fig. 3). XRF Ca
intensities and particularly Ti/Ca ratios have been proven as useful correlation tools for the
late glacial sediment sequences of Black Sea sediment cores (Bahr et al., 2006; Kwiecen et
al., 2008, 2009).
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0 2000 4000
[ R I -
2 - final coccolith invasion
i 1.7 kyrs BP
s first coccolith invasion w
4 4 2.7 kyrs BP Q
©
] _ J— ©
6. 22-GC3 hd
] 24-GC3 — 2
o L D S ® - unit 11 /11l boundary 20
o ] o 8.3 kyrs BP ™
=y . Q
g‘ 10 4 e Ti/Ca (*100) o
| ore photo 22- 3
= (0-60 cm) 14 12 10 8 R'j
o 124
2 ] <4
14 -
16 +
18 +
20 | A I | 1T 17 7T

0 2000 4000 20 16 12 8
XRF Ca (cps)  Ti/Ca (*100)

Fig. 3. Correlation between XRF Ca and Ti/Ca records of the cores 24-GC3 and 22-GC3 used
to transfer the **C age control points (black triangles) from 24-GC3 to 22-GC3. Tie points are
indicated with dotted lines. Inlay shows the image for the uppermost 60 cm of the core
indicating the three lithostratigraphic pointers with the respective ages from Lamy et al.
(2006).

The chronology for penultimate glacial transition and beginning of the Eemian in core
22-GC8 is based on the correlation of its 8'®0 ostracod record with the *°Th dated
speleothem 820 record from Sofular Cave in northwestern Anatolia (Badertscher et al., 2011)
(Fig. 4). 8*%0 was measured on ostracod valves of Candona spp. picked from the 150 um
fraction, and analyzed using a Finnigan MAT 253 mass spectrometer with an automated
KIEL IV carbonate preparation device. In addition, the chronology for the Eemian section of
cores 22-GC3/8 was established by correlating its pollen record with pollen records from
loannina 284 (Tzedakis et al., 2003) and Monticchio Lake (Allen and Huntley, 2009) from
Greece and Italy respectively. For chronology, two anchor points were used. The first

chronological anchor point is the arboreal pollen maximum of ~90% in the 22-GC3 (Fig. 6F)
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correlated to Monticchio (~80%) and loannina 284 (~90%) arboreal pollen maxima at ~127.5

kyr BP.

Table 2. Radiocarbon dates for 24-GC3. *C ages were converted into calibrated calendar ages before
present, defined as AD 1950, using the Calib 6.0 radiocarbon calibration tools with the INTCALO9
calibration curve. Reservoir ages were adopted from Kwiecien et al. (2008). For additional details see
Shumilovskikh et al. (2012) and Nowaczyk et al. (2012).

Core depth Lab-ID C age 1sigma error Reservoir age cal ¥C age
(cm) (kyrsBP) (kyrs) (kyrs BP)
148 ETH-35501 10,595 60 0.00 12.57
187 ETH-35502 12,385 65 0.50 13.74
197 ETH-35503 13,205 65 1.00 14.05
210 ETH-35504 13,330 65 1.00 14.41
240 ETH-35505 13,700 65 1.00 15.05
313 ETH-35506 15,165 75 1.45 16.84
350 ETH-35507 16,245 80 1.45 17.95
391 ETH-35508 16,835 85 1.45 18.63

The second chronological anchor point is the distinct increase in euxinian vegetation
percentages in the 22-GC3/8 record, mainly Fagus (up to 25%; Fig. 6F) correlated to the
second arboreal pollen maximum (~90%) in Monticchio record and the increase in Carpinus
betulus (up to 40%) in the loannina 284 record at ~123 kyr BP. Ages for the studied sections
of core 22-GC3/8 were then calculated using linear interpolation between the anchor-points.
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Fig. 4. Correlation of ostracod 520 record with the Th®*° dated (black triangles) Sofular Cave
880 record (Badertscher et al., 2011). Tie points are indicated with dotted lines.
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3.2 Analysis of organic-walled dinoflagellate cysts

To compare the hydrological conditions of the Black Sea during the Holocene and
Eemian, core 22-GC3 was sampled from the top to 52 cm (Holocene) at 2 cm intervals and
from 780 to 820 cm (Eemian) at 1 cm intervals. A total of 68 samples of 0.5-1 cm® each were
collected, oven dried (60 °C) for one night and prepared using standard methods. The
treatment included demineralisation with cold hydrochloric acid (10%), followed by cold
hydrofluoric acid (70%) over two nights and sieving at 10 um on a nylon mesh. To calculate
the cyst concentration, one tablet of Lycopodium spores (batch number 177745; consists of
18584+371 spores) was added to each sample at the beginning of the preparation.
Identifications were carried out under x400 magnification. A minimum of 300-350 specimens
were counted for each sample.

Dinoflagellate cyst taxonomy is based on Wall et al. (1973), Rochon et al. (1999) and
Marret et al. (2004). Cysts of Caspidinium rugosum possibly include morphological and
ecologically similar cysts of Gonyaulax apiculata, unambiguous identification of which was
impossible due to their poor preservation. Since the mean size of cysts of Gymnodinium is
27.7543.23 pm (median 28.5 pm, minimum 22.5 pm, maximum 32.5 um), these cysts were
grouped as Gymnodinium microreticulatum/nolleri. The calculation of dinocyst percentages is
based on the total sum of identified organic-walled dinoflagellate cysts per sample (308+9). In
addition to dinocysts, other algae and common marine acritarchs and non-pollen
palynomorphs (NPP) (e.g. Botryococcus, Cymatiosphaera sp., Pterospermella) (see Plate 3)
were counted (Mudie et al., 2011) and expressed as percentages of the dinocyst sum. Dinocyst
counts are available under the name of the corresponding author through the PANGAEA
server (www.pangaea.de). Based on the important changes in the relative abundance of
dinocyst key species, diagrams were divided into local zones. The diagrams were designed
using the software C2 data analysis Version 1.6.6 (Juggins, 2007) (Fig. 5).

For the semi-qualitative reconstruction of hydrological changes at the core site, taxa
percentages were summed into several groups according to their modern distribution and
ecological preferences (e.g. Marret and Zonneveld, 2003; Marret et al., 2004) (Fig. 6). The
“thermophilic” group includes cysts with subtropical / tropical distribution (Tuberculodinium
vancampoae, Spiniferites pachydermus, Spiniferites mirabilis, Tectatodinium pellitum, cysts
of Polykrikos schwartzii, and cysts of Protoperidinium stellatum) (Fig. 6E). “Fully marine”
taxa include dinocysts occurring at SSS >28.5 (Spiniferites pachydermus, Spiniferites
mirabilis, Bitectatodinium tepikiense, Tectatodinium pellitum, Ataxiodinium choane, and cysts

of Polykrikos schwartzii, Spiniferites bentorii, Xandarodinium xanthum) (Fig. 6E).
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Plate 1. Light microscope photographs of selected dinocysts from core 22-GC3, scale bar is
20 um: 1 - Achomosphaera cf andalousiense (30 cm, combined foci); 2 - Tectatodinium
pellitum (806 cm, combined foci); 3 - Tuberculodinium vancampoae (812 cm, optical
section); 4 - Nematosphaeropsis labyrinthus (783 cm, optical section); 5 - Spiniferites
pachydermus (806 cm, high focus); 6 - Quinquecuspis concreta (784 cm, combined foci); 7 -
Operculodinium centrocarpum (783 cm, high foci); 8 - Spiniferites mirabilis (784 cm, optical
section); 9 - cyst of Gymnodinium microreticulatum/nolleri (41cm, high focus); 10 -
Lingulodinium machaerophorum (74 cm, high focus); 11 - Spiniferites ramosus s.l. (779 cm,
combined foci); 12 - Spiniferites bentorii (783 cm, optical section).
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4, Results
4.1 Holocene dinocyst record

The Holocene sequence, presented on Figure 5a, can be divided into 4 local biozones
(LZ).

LZ H1 (52-47 cm, 10.6 to 8.4 kyr BP) is dominated by the freshwater/brackish species
Pyxidinopsis psilata (91-97%) with occurrence of Spiniferites cruciformis (3-8%) and
Caspidinium rugosum (<1%). Cyst concentrations range from 4,135 to 6,360 cysts/cm®.

LZ H2 (47-33 cm, 8.4 to 5.4 kyr BP) is characterized by an abrupt change from low
diverse (three species) freshwater/brackish to high diverse (13 species) marine assemblages.
This zone has been divided in two subzones. Subzone H2a (47-41 cm, 8.4 to 7 kyr BP) is
dominated by Spiniferites species: Spiniferites ramosus (25-42%), Spiniferites belerius (15-
43%) and Spiniferites bentorii (4-12%). Dinocyst concentrations are up to 19,160 cysts/cm®.
Subzone H2b (41-33 cm, 7 to 5.4 kyr BP) is characterized by an abrupt increase of dinocyst
concentrations (49,020-87,770 cysts/cm®) and elevated percentages of Lingulodinium
machaerophorum (63-96%). Cymatiosphaera sp. reaches its maximum (42%).

LZ H3 (33-9 cm; 5.4 to 1.1 kyr BP) is characterized by an abrupt decrease of cyst
concentrations (1,527 — 25,890 cysts/cm®) as well as by an increase in percentages of
peridinoid cysts up to 31%. Dominant species in zone 3 are Lingulodinium machaerophorum
(19-68%) and Spiniferites ramosus (12-27%). This zone has been divided in two subzones. In
subzone H3a (33-19 cm; 5.4 to 2.5 kyr BP) maximum peaks of Operculodinium
centrocarpum (22%), cysts of Pentapharsodinium dalei (14%) and heterotrophic species
Quinquecuspis concreta (16%) and Peridinium ponticum (9%) are apparent. This subzone is
characterized by the first occurrence of several heterotrophic dinocyst species (Peridinium
ponticum, Brigantedinium simplex, cysts of Polykrikos schwartzii, Echinidinium spp., cysts of
Protoperidinium stellatum, Xandarodinium xanthum and cysts of Cochlodinium sp.) as well
as acritarchs and NPPs (Tasmanites, Type BS2, Type BS3, Cobricosphaeridinium
spiniferum). The characteristic features for subzone H3b (19-9 cm; 2.5 to 1.1 kyr BP) are
peaks of Spiniferites mirabilis (12%), Spiniferites bentorii (12%) and peridinoids Peridinium
ponticum (10%) and cysts of Gymnodinium microreticulatum/nolleri (5%). Moreover,
peridinoid cysts of Protoperidinium nudum and Echinidinium zonneveldiae and acritarch

Hexasterias problematica occur for the first time.
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Plate 2. Light microscope photographs of selected dinocysts from core 22-GC3, scale bar is
20 um: 1 - Cyst of Polykrikos cf. schwartzii (5 cm, combined foci); 2 - Ataxiodinium choane
(30 cm, combined foci); 3 - Cyst of Protoperidinium nudum (35 cm, optical section); 4 -
Peridinium ponticum (28 cm, combined foci); 5 - Bitectatodinium tepikiense (802 cm, optical
section); 6 - Bitectatodinium tepikiense (802 cm, high focus); 7 - Echinidinium zonneveldiae
(2 cm, high focus); 8 - Caspidinium rugosum (818 cm, combined foci); 9 - Caspidinium
rugosum (818 cm, high focus); 10 - Spiniferites cruciformis (48 cm, high focus); 11 -
Pyxidinopsis psilata (818 cm, optical section); 12 - Pyxidinopsis psilata (818 cm, high focus).
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LZ H4 (9-0.5 cm; 1.1 kyr BP - present) is indicated by a significant change of dominant
taxa. Peridinium ponticum reaches 25-55%, while percentages of Lingulodinium
machaerophorum declines to 18% and Spiniferites ramosus stays below 13%. Relative
abundance of some heterotrophics increases towards the end of the zone: cysts of
Gymnodinium microreticulatum/nolleri (6%), cysts of Polykrikos schwartzii (3%), cysts of
Protoperidinium stellatum (3%), whereas Tectatodinium pellitum disappears. Cyst

concentrations are low (3,752 — 6,637 cysts/cm®).
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Fig. 5. Percentage diagram of dinocysts, other algae and NPPs in the Holocene (a) and
Eemian (b) sections of the core 22-GC3. A x10 exaggeration of the horizontal scale is used to
show changes in low taxa percentages.

4.2 Eemian dinocyst record

The Eemian sequence, presented on Figure 5b, is divided into four LZ.

LZ E1 (820-815.5 cm; 128.7 to 128 kyr BP) is characterized by very low numbers of
species (five). The assemblages are dominated by freshwater/brackish species Pyxidinopsis
psilata, Caspidinium rugosum, Spiniferites cruciformis with occasional and discrete
occurrences of the freshwater algae Botryococcus. Total concentrations of dinocysts increase

gradually from 3,711 to 18,400 cysts/cm®. The dominant species Pyxidinopsis psilata reaches
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85% at the depth of 820 cm, and is then replaced by Caspidinium rugosum, which reaches
40% at 816 cm.

LZ E2 (815.5-809.5 cm; 128-126.9 kyr BP) is characterised by an abrupt increase in
species number up to 27 taxa and by maxima of marine species Lingulodinium
machaerophorum (up to 59%) and Tuberculodinium vancampoae (up to 40%). Dinocyst
concentrations vary between 7,601 — 38,170 cysts/cm®. This zone has been divided into two
subzones. Subzone E2a (815.5-812.5 cm; 128-127.6 kyr BP) is dominated by Lingulodinium
machaerophorum (27-59%), Pyxidinopsis psilata (6-40%) and Spiniferites belerius (up to
13%), and characterised by the first occurrence of fully marine species Spiniferites mirabilis,
Bitectatodinium tepikiense and Tectatodinium pellitum. In subzone E2b (812.5-809.5 cm;
127.6-126.9 kyr BP), the relative abundance of Lingulodinium machaerophorum decreases
(17-23%), whereas Tuberculodinium vancampoae reaches its maximum (14-40%). In this
subzone, the acritarch Cymatiosphaera sp. achieves a maximum of 183%. In the upper part of
subzone E2b, Tectatodinium pellitum, Bitectatodinium tepikiense, Spiniferites bentorii,
Spiniferites pachydermus, Spiniferites hyperacanthus, Nematosphaeropsis labyrinthus reach
1-2%.

LZ E3 (809.5-786.5 cm; 126.9-121.1 kyr BP) is dominated by Spiniferites species
especially by Spiniferites ramosus (15-49%), while Lingulodinium machaerophorum achieves
only 3-14%. The relative abundance of Cymatiosphaera sp. is very high (43-183%). Cyst
concentrations vary from 3,200 to 23,260 cysts/cm®. This zone has been divided into three
subzones. In subzone E3a (809.5-803.5 cm; 126.9-125.3 kyr BP), the fully marine tropical
species Spiniferites pachydermus increases gradually from 2 to 20%. Subzone E3b (803.5-
794.5 cm; 125.3-123.1 kyr BP) is characterised by an increase of fully marine cool/temperate
species Bitectatodinium tepikiense up to 17% and relatively high percentages of Spiniferites
pachydermus (9%), Tectatodinium pellitum (5%), Spiniferites bentorii (8%). Subzone E3c
(794.5-786.5 cm; 123.1-121.1 kyr BP) is indicated by high abundance of heterotrophic
peridinoid cysts (up to 42%) with the dominance of Dubridinium caperatum (5-32%) and
Quinquecuspis concreta (3-12%). Spiniferites pachydermus decreases slowly (0-7%), whereas
the relative abundance of Bitectatodinium tepikiense varies from 0.5 to 13%.

LZ E4 (786.5-780 cm; 121.1-119.5 kyr BP) is characterized by the dominance of the
eurythermic and euryhaline species Lingulodinium machaerophorum (66-84%). The fully
marine species Spiniferites pachydermus, Bitectatodinium tepikiense, Tectatodinium pellitum,
and Spiniferites bentorii occur less often and the abundance of heterotrophic cysts is very low
(10%). Cyst concentration increases up to 27,430 cysts/cm®.
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5. Discussion

In the following sections we will discuss the nature of hydrological changes in the Black
Sea during the Holocene and the Eemian, with special emphasis on changes in SSSs and
SSTs.

5.1 Change in the southern Black Sea sea-surface conditions during the Holocene

Between 11 and 8.3 kyr BP, dinocyst assemblages consist of fresh / brackish water
indicators such as Pyxidinopsis psilata, Spiniferites cruciformis and Caspidinium rugosum
(Fig. 5a, LZ H1). As Spiniferites cruciformis, Pyxidinopsis psilata and Caspidinium rugosum
are present in the Caspian Sea at SSSs of around 12-13 and Pyxidinopsis psilata in the Baltic
Sea at SSSs of 12 (Yu and Berglund, 2007), we suggest a maximum SSS of around 12 during
the lacustrine stage of the Black Sea. This estimate is validated by other dinocyst records from
the Black Sea, which all indicate freshwater / brackish conditions prior to the inflow of
Mediterranean water into the Black Sea (Wall et al., 1973; Wall and Dale, 1974; Mudie et al.,
2001, 2002, 2004; Atanassova, 2005; Filipova-Marinova, 2006; Mudie et al., 2007; Marret et
al., 2009; Verleye et al., 2009). Yanko-Hombach (2007) evaluated foraminiferal, mollusc and
interstitial water records and provided a narrower salinity range of 4-12 for the lacustrine
(Neoeuxinian) stage. Furthermore, the sporadic presence of Emiliania huxleyi (SSS range 11-
41; Bukry et al., 1974) in the early Holocene part of several cores from the western Black Sea
(Giunta et al., 2007) may indicate brackish and not freshwater conditions.

The composition of the dinocyst assemblages in core 22-GC3 changes at ~8.3 kyr BP
and the dominance of Spiniferites ramosus and Lingulodinium machaerophorum indicates
more saline conditions with estimates of ~9-18 (Wall and Dale, 1974) or ~14-18 (Mudie et al.,
2001) (Fig. 5a, 6D). The sporadic occurrence of the fully marine species Xandarodinium
xanthum and Tectatodinium pellitum (Marret and Zonneveld, 2003) between 5.4 and 2.5 kyr
BP suggests the highest SSSs (possibly ~20) during this time, whereas disappearance of these
species after 2.5 kyr BP is an evidence for decrease in SSSs. Additional evidence for the
freshening of sea surface conditions during the last millennia is the spreading of the brackish
water indicator Peridinium ponticum, known from the Oslofjord (Dale, 1996). Our findings
are in accordance with the GeoB 7625-2 record, where occurrence of Xandarodinium
xanthum between ~5.2 and 2.3 kyr BP and increase of Peridinium ponticum after 2.5 kyr BP
were also documented (Verleye et al., 2009). Filipova-Marinova et al. (2012) suggest
increased fresh-water input and decrease of SSS in the western part of the Black Sea at ~2570

cal. BP, indicated by sporadic presence of Spiniferites cruciformis and Pediastrum. Mertens et
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al. (2012) also observed an decrease in SSS estimations derived from the process length of L.
machaerophorum, at around 2.45 cal kyr BP. Additionally, the decrease in Black Sea SSSs
after 3 kyr BP is evidenced by lower [1D values of Cs; alkenones produced by haptophyte
algae (mainly Emiliania huxleyi) (van der Meer et al., 2008). All these records support the
freshening event in the Black Sea basin at ~2.5 or 3 kyr BP, underlining the complexity in
SSS changes of the Black Sea during the late Holocene.

The dinocyst record 22-GC3 demonstrates changes in dinocyst assemblages, which
cannot be explained by solely SSS changes. One of these is periodical changes of dominants
in the assemblages: 1) Lingulodinium machaerophorum (maxima at 7-5.4, 3.7-2.5, 1.8-1 kyr
BP) against 2) Spiniferites species and later together with heterotrophs (maxima at 8.3-7, 5.4-
3.7, 2.5-1.8 and 1 kyr BP to present) (Fig. 5a zones H2-H4). With regards to cyst production,
Lingulodinium polyedrum needs stratified water column conditions in summer, therefore
water turbulence is considered to be an inhibiting factor for Lingulodinium polyedrum growth
as well as for its reproduction (Lewis and Hallett, 1997). On the other hand, high abundances
of heterotrophic species, feeding on phytoplankton, indicate increased nutrient supply (Mudie
et al., 2004). Verleye et al. (2009) discussed periodicity in changes in dominance
(Lingulodinium machaerophorum against Spiniferites spp. and cyst of Pentapharsodinium
dalei) for the dinocyst record GeoB 7625-2, where the abundance of Lingulodinium
machaerophorum was correlated with the low clay layer frequency indicating reduced river
input (Lamy et al., 2006) and rather calm water conditions (Verleye et al., 2009). In contrast,
the high relative abundance of Spiniferites spp. and cyst of Pentapharsodinium dalei correlate
with high river discharge (Verleye et al., 2009). In our record, cysts of Pentapharsodinium
dalei occur in low frequencies, probably due to the offshore location of the core with less
fluviatile influence. Because core 22-GC3 is located ~100 km off the coast, another
possibility of increased nutrient supply could be taken into account e.g. increased upwelling
or possible changes in eddy dynamics (Ozsoy and Unliiata, 1997). The fluctuations between
Spiniferites spp. dominated assemblages and Lingulodinium machaerophorum at ~6-7 kyr BP
are known from dinocyst records in the western part of the Black Sea (e.g. Mudie et al., 2001;
Atanassova, 2005; Marret et al., 2009; Verleye et al., 2009), indicating similarity of changes

in the entire basin.
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Fig. 6. Summary diagram of key proxies discussed in the text: (A) relative sea-level (m) for
Holocene, obtained from Tahiti corals (Bard et al., 1996), and Eemian, obtained from the Red
Sea record (Rohling et al., 2010), with a dashed line for zero sea-level; (B) 5'20 speleothem
records (orange) from the Sofular Cave (Badertscher et al., 2011) demonstrate different
glacial-interglacial amplitudes and together with (C) &0 ostracod record (light blue) from
sediment core 22-GC3 (this study) indicate rapid change of isotopic composition during the
glacial-Eemian transition; (D) dinocyst concentration of freshwater/brackish (dark blue) and
marine (purple) taxa (this study) reflect lacustrine — marine transition; (E) percentage sums of
thermophilic (red) and fully marine (rose) taxa (this study) used as indicators of SST and SSS,
respectively; (F) arboreal pollen (green) and Fagus (yellowish green) percentages
(Shumilovskikh et al., 2012 for Holocene, in prep. for Eemian), used for stratigraphical
correlation in Eemian. Land — sea correlation is demonstrated by sea (purple rectangle) — lake
(blue rectangle) conditions plotted against interglacial conditions (green rectangle).
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Other significant hydrological changes at ~5.4 kyr BP (H3a) are indicated by an
increase in the relative abundance of peridinoid cysts, increase in dinocyst diversity and
appearance of several new NPPs. Increases in the relative abundance of heterotrophs are also
evident in high resolution records from the southwestern part of the Black Sea (Marret et al.,
2009; Verleye et al., 2009) and could be explained by increased nutrient supply. Increase in
diversity of peridinoid species in 22-GC3 record at ~3 kyr BP contrasts with the observations
in the GeoB 7625 record, where most of peridinoid species appear shortly after 8.3 kyr BP
(Verleye et al., 2009). The most likely explanation for this difference is the close proximity of
core GeoB 7625-2 to the Sakarya River, whereas core 22-GC3 is located ~100 km away from
the coast. This explanation could be an alternative to the merchant shipping hypothesis
(Marret et al., 2009). Looking at the changes in heterotroph assemblages and in particular the
increase of cysts of Gymnodinium catenatum / nolleri in MAR02-45 at ~ 2.2 kyr BP, Marret
et al. (2009) consider an introduction of this species through the use of larger merchant ships
for trading between the Mediterranean and Black Sea coast. However, the presence and
relatively high abundance of Gymnodinium species in GeoB 7625-2 since as early as 8.3 kyr

BP (Verleye et al., 2009) support the increase in nutrients as a more plausible hypothesis.

5.2 Change in the southern Black Sea sea-surface conditions during the Eemian

Prior to the inflow of Mediterranean water into the Black Sea at around 128 kyr BP,
dinocyst assemblages were very similar to those observed during the early Holocene. They
show little diversity and are dominated by three fresh/brackish species (Pyxidinopsis psilata,
Spiniferites cruciformis, Caspidinium rugosum) (Fig. 5b), indicative of fresh/brackish water
conditions between 7 and 12 psu. The high abundance of Caspidinium rugosum (40%) before
128 kyr BP is a strong evidence for a Caspian — Black Sea connection preceding the
Mediterranean — Black Sea reconnection. The Caspean — Black Sea connection was already
documented by foraminiferal, mollusc and ostracod records from Eltigen (zone 1) (Yanko et
al., 1990), and was recently dated at ~131-132 kyr BP by a speleothem &0 record from
Northern Turkey (Fig. 6B) (Badertscher et al., 2011). The Caspian — Black Sea connection
was caused by input of high amount of glacier melt water into both basins during the glacial
transition period and occurred through Manych (Fig. 2) (Yanko et al., 1990; Badertscher et
al., 2011).

The rise in global sea level during the glacial transition period and early Eemian (Fig.
6A) led to the intrusion of Mediterranean waters through the Bosphorus sill (~ 37 m bpsl) into

the Black Sea. This change is clearly indicated by a gradual decrease of fresh/brackish taxa
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and an abrupt rise of dinocyst concentrations and number of marine species such as
Lingulodinium machaerophorum, Spiniferites mirabilis, Tuberculodinium vancampoae etc. at
~128 kyr BP (LZ E2a; Fig. 5b, 6D). While the increase in dinocyst concentrations could be
related to an increase in productivity due to rising temperature, the increase in the number of
species is likely to be linked to the opening of the Mediterranean corridor and salinity change
induced by an input of the saline Mediterranean waters.

The increase in Tuberculodinium vancampoae (LZ E2b; Fig. 5b), a species restricted to
subtropical to tropical regions and currently absent in the Mediterranean Sea (Marret and
Zonneveld, 2003), is interesting. Tuberculodinium vancampoae was first described (as
Pterospermopsis Van Campoae; Rossignol 1962) from Plio-Pleistocene coastal depositions in
the Eastern Mediterranean (Rossignol, 1962). This species is abundant in Mediterranean
sapropels 3 and 4 from Crete (Versteegh, pers. comm.), and even present in marine sediments
from the Marmara Sea during the warming period after the Last Glacial Maximum (Londeix
et al., 2009). Therefore, we assign the occurrence of Tuberculodium vancampoae in core 22-
GC3 to be closely related to the Mediterranean corridor and set a date for the establishment of
warm brackish/marine conditions in the Black Sea at ~127.6 kyr BP. The fact that Eemian
dinocyst assemblages in core 22-GC3 (LZ E2b) around 127.6-126.9 kyr BP are dominated by
Tuberculodinium vancampoae (14-40%) suggests minimum SSTs of 7 °C in winter (presently
at 4-8°C) and possibly up to 27 °C in summer (presently at 23-25°C) and SSS > 20 (presently
at 18) as well as possible oligotrophic conditions. These qualitative estimations are derived
from its modern distribution (Marret and Zonneveld, 2003) as well as laboratory culture
experiments with Pyrophacus steinii (motile stage of Tuberculodinium vancampoae)
(Zonneveld and Susek, 2007). Occurrence of other thermophilic taxa such as Tectatodinium
pellitum, Spiniferites bentorii, Spiniferites mirabilis, Spiniferites hyperacanthus (Marret and
Zonneveld, 2003) during this time support the interpretation of warm conditions. Between
126.9-126.6 kyr BP, low percentages of these thermophilic taxa (5%) possibly reveal a brief
cold episode during this period (Fig. 5b, 6E).

After ~126.6 kyr BP, the dinocyst composition suggests a further rise in SSS and SST,
indicated by an increase of indicators of warm and/or fully marine conditions such as
Spiniferites pachydermus, Tectatodinium pellitum, cysts of Polykrikos schwartzii, cysts of
Protoperidinium stellatum, Bitectatodinium tepikiense, Ataxiodinium choane, Spiniferites
bentorii, and Spiniferites mirabilis (Fig. 5b). Based on the modern distribution of the rather

abundant species Spiniferites pachydermus (2-20%), hydrological conditions were most likely
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Plate 3. Light microscope photographs of selected dinocysts, algae and non-pollen
palynomorphs from core 22-GC3, scale bar is 20 um: 1 — cyst of Cochlodinium spec. (2 cm,
high focus); 2 — Cobricosphaeridinium spiniferum ? (2 cm, optical section); 3 — Type BSS3,
animal egg? (16 cm; optical section); 4-6 — Type BS1 (52 cm, optical section (5), high (4) and
low (6) focus) (possibly similar to Type B of Verleye et al. (2009)); 7 — Type BS2, core depth
20 cm, combined foci; 8 — Type BS2, core depth 784 cm, high focus; 9 — Hexasterias
problematica (0.5 cm, optical section); 10 — Cymatiosphaera globulosa (812 cm, high focus);
11 — Cymatiosphaera sp. (793 cm, high focus); 12 — Pterospermella (780.5 cm; optical
section)
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characterized by high SSTs (minimum 12 °C in winter and 29 °C in summer) and high SSS
(~30) (Marret and Zonneveld, 2003). In contrast to Spiniferites pachydermus (SST range
between 12°C and 29°C), Bitectatodinium tepikiense tolerates winter SSTs from around -2 to
17°C and summer SSTs from around -2 and 21°C (Marret and Zonneveld, 2003). Therefore,
decrease of Spiniferites pachydermus and increase of Bitectatodinium tepikiense at ~125.3 kyr
BP (LZ E3a/E3b; Fig. 5b) could be possibly related to a decrease in SST. Considering the
ecological preferences of the dinocyst species in core 22-GC3, the interval between 126.6 and
121.1 kyr BP is the most saline period in the record, whereas the period ~127.6-125.3 kyr BP
stands out as the warmest period (Fig. 6E).

The considerable decrease in abundance of thermophilic and halophilic taxa since ~123
(LZ E3c) and their almost complete disappearance after 121 kyr BP (LZ E4) reveal distinct
reductions in SSS and SST at this time.

Similar to the Holocene, periodical shifts of the dominant taxa Lingulodinium
machaerophorum and Spiniferites spp. occur during the Eemian (LZ E2/E3/E4; Fig. 5b). The
dominance of the Spiniferites complex continued from 126.9 to 121.1 kyr BP (E3), with a
very low abundance of Lingulodinium machaerophorum (~3-14 %). Similar to during the
Holocene, nutrient supply and turbid water conditions could be considered to be the most
likely factors for the low occurrence of Lingulodinium machaerophorum. This is supported by
the high abundance of Cymatiosphaera sp. (up to 183%) during the Spiniferites-dominated
period (E3). Martin (1993) associated the acritarch genus Cymatiosphaera sp. as encysted
stage (called phycoma) of prasynophytes genus Pterosperma. Recently Mudie et al. (2011)

suggest that it may be used as an indicator of the nutrient-rich conditions in the Black Sea.

5.3. Regional comparison of the Black Sea marine conditions during the Eemian and the

Holocene

Core 22-GC3 provides the first detailed dinocyst record for the Eemian in the Black
Sea. To interpret the fluctuations in our semi-quantitative SST and SSS reconstructions, we
used existing Eemian records from the Black Sea region. These include marine sediment
cores (e.g. core 379, 1136) and outcrops (e.g., the Eltigen outcrop) (Table 3). The Eltigen
outcrop (45°11'N 36°23'E) is located on the western coast of the Kerch Strait between
Tobechikskoe Lake and the settlement of Geroevskoe (or Eltigen) (Fig. 1), and considered as
the most detailed and continuous record for the Eemian stage of the Black Sea in Russian

literature (e.g. Yanko et al., 1990). Eemian and Holocene assemblages of dinocysts,

106



Manuscript 2

molluscs, foraminifers, coccoliths and diatoms and reconstructed palaeosalinity ranges are

provided in Table 3.

Table 3. Characteristic species of dinocysts, benthic foraminifers, mollusks, diatoms and
coccoliths assemblages after Mediterranean inflow into Black Sea basin in the Eemian and

Holocene. After species list in brackets are SSS reconstructions given by authors.

Period / Dinocysts Mollusks Benthic Diatoms Coccoliths
Group marine core Eltigen, Caspian - foraminifers marine cores marine cores
sediment (this study) Black Sea terraces marine core 1136 (Jousé and (Bukry, 1974;
(reference) (Nevesskaya, 1974;  (Yanko-Hombach, = Mukhina, 1978, Persival, 1978;
Yanko et al., 1990; 2007) and Eltigen 1980) Shumenko and
Svitoch, 2008; (Yanko et al., Ushakova, 1980;
Yanina, 2009) 1990) Giunta et al., 2007)
Holocene  Lingulodinium Cerastoderma spp,  Ammonia tepida, Chaetocerus Emiliania huxleyi,
machaerophorum, Chione gallina, Elphidium peruvianus, Braarudosphaera
Spiniferitus Mytilus ponticum, Hemiaulus bigelowi,
ramosus group, galloprovincialis, Ammonia hauckii, Syracosphaera
Peridinium Abra ovata, compacta, Nonion Rhizosolenia pirus,
ponticum (15-20) Monodacna caspia,  matagordanus, alata, Syracosphaera
Cardium edule, Canalifera Thalassionema mediterranea,
Corbula parkerae (12-19) nitzschioides, Acanthoica
mediterranea Thalassiosira acanthos,
maeotica (18-20) subsalina, Discolithina spp.
Cyclotella caspia, (>11-17)
Rhizosolenia
setigera,
Rhizosolenia
calcar-avis etc.
(marine)
Eemian Tuberculodinium Cardium Massilina Thalassiosira Gephyrocapsa
vancampoae, tuberculatum, Ensis  inaequalis, oestrupii, oceanica ssp.
Spiniferites ensis, Paphia Ammonia Thalassiosira caribbeanica
pachydermus, senescens, compacta, subsalina, (marine)
Bitectatodinium Cerastoderma Quinqueloculina Cyclotella caspia,
tepikiense, glaucum, Mytilaster  laevigata, Coscinodiscus
Spiniferites lineatus, Abra Quinqueloculina perforatus,
mirabilis, ovata, Chione bicornis, Coscinodiscus
Tectatodinium gallina, Ostrea Canalifera janischii,
pellitum (up to 30)  edulis, Loripes nigarensis, Thalassiosira
lacteus, Chlamys Canalifera nitzschioide
glabra (up to 30) punctata (28-30) (marine)

In contrast to the Holocene, Eemian assemblages of dinocysts, molluscs, foraminifers,
coccoliths and diatoms consist of abundant Mediterranean flora or fauna (Table 3).
Characteristic species for fully marine conditions for the Eemian mollusc assemblages consist
of Cardium tuberculatum, Ensis ensis (e.g. Nevesskaya, 1974; Yanko et al., 1990; Svitoch,
2008; Yanina, 2009) and for the benthic foraminifers - Massilina inaequalis, Ammonia
compacta, Quinqueloculina laevigata, Quinqueloculina bicornis, Canalifera nigarensis,
Canalifera punctata (Yanko et al., 1990). Coccolith assemblages were dominated by the
marine coccolith Gephyrocapsa oceanica ssp. caribbeanica (Persival, 1978; Shumenko and
Ushakova, 1980). Regarding the diatom assemblages, the marine species Thalassiosira

oestrupii (Jousé and Mukhina, 1978, 1980) is abundant during the Eemian, but absent in
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present-day populations in the Black Sea, although it has been documented in the Holocene
records (Shimkus et al., 1973).

5.4. The Eemian Black Sea in a supra-regional context

Comparison of Holocene and Eemian assemblages reveals that SSS is an important
barrier for the distribution of the fully marine species from the Mediterranean Sea into the
Black Sea and highlights higher SSS during the Eemian. Eemian records from the Black Sea
strongly suggest SSSs of ~28-30 (Nevesskaya, 1974; Jousé and Mukhina, 1978, 1980; Yanko
et al., 1990; Svitoch, 2008; Yanina, 2009; dinocysts record from core 22-GC3), which are
considerably higher than modern SSS of 17-18. What could be the reasons for this?

The Black Sea SSS is a function of its hydrological balance (e.g. Ozsoy and Unliiata,
1997). Thereby freshwater input (precipitation, rivers) is a decreasing factor, whereas the
Mediterranean inflow and evaporation — an increasing one. The marked difference between
the Eemian and Holocene SSSs distinctly reflects different hydrological balances of the basin
during these time frames. Higher Black Sea SSS during the Eemian could be caused by 1)
increased Mediterranean inflow and/or 2) increased evaporation and/or 3) decreased
freshwater input (precipitation vs. fluvial). In order to evaluate these factors for the Eemian
we consider each of them in the global context.

Mediterranean inflow into the Black Sea depends on the global sea level and Bosphorus
depth. The global sea level reconstructions for the Eemian reveal a higher (~6 m) level than
today (e.g. Orszag-Sperber et al., 2001; Lisiecki and Raymo, 2005; Svitoch, 2008; Kopp et
al., 2009; Rohling et al., 2009) (Fig. 6A). The close agreement of reconstructed peak Eemian
SSS and highest global sea level between ~126.5-121 kyr BP (Fig. 6A, 6E) demonstrates that
the high Eemian Black Sea SSS were most likely caused by a stronger inflow of
Mediterranean water.

If precipitation and riverine input are difficult to estimate, evaporation can be easily
calculated based on the temperatures. Global temperatures during the Eemian were ~2 C°
higher than today (Jouzel et al., 1987; Guiot et al., 1989). This has been validated for Europe
by multiproxy reconstructions (e.g. Aalbersberg and Litt, 1998; Kukla et al., 2002). In
accordance, the dinocyst record 22-GC3 reveals high relative abundance of thermophilic
species especially between ~127.6-125.3 kyr BP (Fig. 6E), associated with higher air
temperatures in summer at this time. Higher temperatures during the Eemian might increase
evaporation from the Black Sea and therefore contribute to its higher than modern SSSs

during the Eemian. Furthermore, our suggestion that hydrological budget of the Black Sea
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during the Eemian was different compared the Holocene is underlined by the higher glacial-
interglacial amplitude of %0 isotope values from the Sofular Cave (Fig. 6B). The latter
together with ostracod-based &0 isotopes from the Black Sea (Fig. 6C) indicates rapid

change of oxygen isotope composition during the glacial/Eemian transition.

6. Conclusions

The present study on marine core 22-GC3 provides the first organic-walled
dinoflagellate cyst record from the Black Sea for the Eemian in comparison to the Holocene
section from the same sequence. The study highlights that the amount of Mediterranean
inflow is very important to control sea-surface salinity in the Black Sea. Successions in the
dinocyst assemblages clearly demonstrate the establishment of marine conditions in the Black
Sea during the Eemian and Holocene, which occurred when the increasing global and
Mediterranean Sea level reached the Bosphorus and flowed into the Black Sea basin. Eemian
assemblages differ considerably from the Holocene ones with the presence of several fully
marine species such as Spiniferites pachydermus, Spiniferites mirabilis, Bitectatodinium
tepikiense, Tectatodinium pellitum, Nematosphaeropsis labyrinthus etc., indicating higher
than present (~18) SSS of ~28-30 at ~126.5-121 kyr BP. An increased Mediterranean supply
triggered by a higher global sea level and higher temperatures at the beginning of the Eemian
are likely to be the mechanism for such high SSS. Between ~127.6-125.3 kyr BP, dinocyst
assemblages dominated by Tuberculodinium vancampoae and Spiniferites pachydermus
reveal relatively high SSTs (7-12° in winter and 27-29° in summer) in the Black Sea,
confirming high temperatures at the beginning of Eemian. The Holocene dinocyst record
demonstrates that SSS during this period never exceeded ~18-20 and reveal freshening of the
basin at ~2.5 kyr BP. Changes in nutrient supply, in addition to changes in SSS and SST, are
likely to have played a significant role in the successions of dinocyst assemblages during the

Eemian and Holocene.
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Abstract

This multiproxy study on SE Black Sea sediments provides the first detailed
reconstruction of vegetation and environmental history of Northern Anatolia between 134-119
ka. Here the glacial-interglacial transition is characterized by several short-lived alternating
cold and warm events preceding a melt-water pulse (~130.4-131.7 ka). The latter is
reconstructed as a cold arid period correlated to the Heinrich event 11. The initial warming is
evidenced at ~130.4 ka by increased primary productivity in the Black Sea, disappearance of
ice-rafted detritus, and spreading of oaks in Anatolia. A Younger Dryas-type event is not
identifiable. The Eemian vegetation succession corresponds to the main climatic phases in
Europe: i) the Quercus-Juniperus phase (128.7-126.4 ka) indicates a dry continental climate;
i) the Ostrya-Corylus-Quercus-Carpinus phase (126.4-122.9 ka) suggests warm summers,
mild winters, and high year-around precipitation; iii) the Fagus-Carpinus phase (122.9-119.5
ka) indicates cooling and high precipitation; iv) increasing Pinus at ~121 ka marks the onset
of cooler/drier conditions. Generally, pollen reconstructions suggest altitudinal/latitudinal
migrations of vegetation belts in Northern Anatolia during the Eemian caused by increased
transport of moisture. The evidence for the wide distribution of Fagus around the Black Sea

contrasts with the European records and is likely related to climatic and genetic factors.

Key words: pollen, dinoflagellate cysts, Fagus, vegetation history, palaeoclimate,

Black Sea, penultimate glacial, MIS 5e, Eemian
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Introduction

The last interglacial (LI, or marine isotope stage (MIS) 5e, or Eemian) vegetation
history in Western Europe is relatively well studied and shows evidence for a uniform
succession of vegetation across the region (e.g. Aalbersberg and Litt, 1998; Sanchez Goni et
al., 1999; Tzedakis, 2000; Klotz et al., 2003; Sanchez Goiii et al., 2005). Major changes in
vegetation occurred during MIS 5e and 5d in Europe in tandem with major climatic events,
associated with changes in North Atlantic currents and meridional sea-surface temperature
(SST) gradients (Miiller and Kukla, 2004). The lack of detailed pollen records for the Eemian
interval east of 30°E (e.g. Urmia Lake in Iran (Djamali et al., 2008); Fig. 1) hinders
correlations with the North Atlantic region, and both vegetation and climate history remains
unclear for this period. Pollen and sedimentary records from and around the Black Sea basin
can provide valuable information to contribute towards our understanding of the vegetation

and climate history of the area.
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Fig. 1. Location map of the study region: a) map of Europe with locations of core 22-GC3/8
(red star) and cores used for age-model construction (yellow stars) and supra-regional
comparison (yellow circles); b) geographical map of the Black Sea region with location of
core 22-GC3/8 (red star) and other regional pollen records, referenced and discussed in the
text (yellow circles). See PDF-file for colours. Map was drawn with Quantum GIS (1.7.0)
using data from www.bgr.de, www.nowcoast.noaa.gov, www2.demis.nl.

Most palaeoenvironmental studies on sediments from the Black Sea have been carried

out for the late-glacial and the Holocene periods (Lamy et al., 2006; Yanko-Hombach et al.,
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2007; Bahr et al., 2008; Kwiecien et al., 2009; Filipova-Marinova et al., 2012; Shumilovskikh
et al., 2012). Older sediments, covering the Quaternary and Pliocene intervals, were collected
from the Black Sea during the R/V Glomar Challenger cruise in 1975 and studied at coarse
resolution (Ross et al., 1978; Neprochov, 1980). These studies revealed that glacial-
interglacial cycles were characterized by changes between steppe and forest on adjacent land
and conditions between lacustrine and marine in the Black Sea. Some details on the Eemian
vegetation were provided by pollen records from the Black Sea cores (Koreneva and
Kartashova, 1978) and terrestrial sediments from Bulgaria (Bozilova and Djankova, 1976),
Russia (Spiridonova, 1991) and Georgia (Shatilova, 1974) (Fig. 1, Table 1). These records
reveal the presence of tree species such as Fagus, Carpinus, Ostrya, Corylus, Quercus,
Castanea, Pinus, and Picea in the surrounding region. However, the low temporal resolution
of the records and the absence of robust chronologies prevent a detailed reconstruction of the

LI vegetation changes in the Black Sea region.

Table 1. Site information for Eemian records discussed in the study.

Site Lat, N Long, E Alt, m Material Reference

379A 43°00.29°  36°00.68> -2173 marine Koreneva and Kartashova, 1978
Staro Orjachovo* 43°00° 27°48° 50 lake/river Bozilova and Djankova, 1976
Nosovo-1* 47°18’ 39°18’ 6 paleosol Spiridonova, 1991

Horga* 42°00° 41°50° 8 terrestrial Shatilova, 1974

Kobuleti* 41°49° 41°46° 7 terrestrial Shatilova, 1974

Urmia 37°32° 45°05° 1315.9 lake Djamali et al., 2008

Tenaghi Philippon 41°10° 24°20° 40 peat Wijmstra, 1969

Kopais 38°26.27°  23°03.02° 924 lake Tzedakis, 1999

Sofular 41°25° 31°56° 500 speleothems  Badertscher et al., 2011
loannina-284 39°45° 20°51° 473 lake Tzedakis et al., 2003
Monticchio 40°56°40° 15°36°30”° 656 lake Allen and Huntley, 2009
Valle di Castiglione  41°53°30” 12°45°35> 44 lake Follieri et al., 1989
MD952042 37°48° 10°10° -3148 marine Sanchez Goni et al., 1999

Footnote: * — geographical coordinates of sites are not reported in the original publication and were
georeferenced using gazetteers.

Vegetation changes and environmental conditions during the transition from the
penultimate glacial to the Eemian and the onset of interglacial conditions for the Black Sea
region have so far never been studied in detail. In general, the climate dynamics during the
penultimate deglaciation remain obscure. For example, a number of pollen records
demonstrate a Younger Dryas-type cooling event (Kattegat stadial) in Europe during the onset
of the initial warming (Zeifen interstadial) (Seidenkrantz et al., 1996; Sanchez Goiii et al.,
1999; Tzedakis, 2000; Sanchez Goni et al., 2005), whereas other records do not support this
cooling episode (Turner, 2000; Brauer et al., 2007; Allen and Huntley, 2009).

Here we present the first detailed pollen record based on sediment core 22-GC3/8 from

the SE Black Sea (Fig. 1) covering ~134-119 ka, which was used for the reconstruction of
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vegetation and climate changes in Northern Anatolia during this interval. The assumed pollen
source area for 22-GC3/8 include the coastal areas nearest to the coring site, namely central
part of Northern Anatolia and especially northern slopes of the Pontic Mountains
(Shumilovskikh et al., 2012). The study also provides a comparison between pollen records
from the Black Sea region and SW Europe. By using additional multi-proxy data from the
same sediment core (ostracod-based §'°0, dinoflagellate cysts (dinocysts), total inorganic
carbonate (TIC), and ice-rafted detritus (IRD) records) we provide further insights into the
environmental conditions in the SE Black Sea/Northern Anatolia during the penultimate

deglaciation and the LI.

Regional setting

The Black Sea is the largest anoxic basin on Earth. The upper water layer (100-150 m)
receives freshwater from rivers and atmospheric precipitation and is, therefore, cooler and less
salty (~18%o) than the deeper waters (~22%o), originating from the Mediterranean Sea (Ozsoy
and Unliiata, 1997; Kostianoy and Kosarev, 2008). As a result of the strong stratification, only
the upper 150 m of surface water layer is oxygenated and has a high biological productivity,
whilst deeper water masses are anoxic. The general circulation pattern of the upper layer is
characterized by a cyclonic main current with eastern and western gyres in the central part of
the Black Sea and a number of anticyclonic eddies along the periphery (Oguz et al., 1993;
Ozsoy and Unliiata, 1997; Kostianoy and Kosarev, 2008).

The regional climate of the Black Sea is controlled by seasonal changes in the position
and strength of the Azores High and Icelandic Low influencing the westerly storm tracks
(Tirkes, 1996). During summer, the Mediterranean high-pressure zone provides warm and
dry air conditions for the entire Black Sea region with mean July temperatures >20°C in the
coastal areas. During winter, generally cold weather is caused by cold air masses from
continental Asia with mean January temperatures around 0°C at low elevations. The north-
west oriented slopes of the Pontic Mountains and Caucasus may receive up to 1000-2500
mm/yr (Alpat’ev et al., 1976; Mayer and Aksoy, 1986).

Local topography plays a determining role for the pattern of natural vegetation in the
Black Sea area. A vegetation map for the entire Black Sea region (after Gerasimov, 1964) and
corresponding biomes is provided in Shumilovskikh et al. (2012). Here, we briefly
characterise the vegetation of the Pontic Mountains (Kiirschner et al., 1997; Fig. 2). The
wetter northern and western slopes of up to ~800 m above sea level (asl) are covered by

euxinian mixed forests with cool (Carpinus betulus, Fagus orientalis, deciduous Quercus,
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Corylus, Tilia) and warm (Castanea sativa, Carpinus orientalis, Ostrya carpinifolia)
temperate deciduous trees, evergreen shrubs (Rhododendron ponticum, Prunus laurocerasus,
Buxus sempervierens, llex colchica) and lianas (Hedera, Smilax, Tamus, Vitis, Periploca).
Characteristic species of the Mediterranean macchia, such as Laurus nobilis, Arbutus
andrachne, Erica arborea, Phillyrea latifolia, Quercus coccifera, grow in dry habitats on
carbonates along the Black Sea coast (Zohary, 1973; Mayer and Aksoy, 1986). At elevations
of ~800-1500 m asl, beech (Fagus orientalis) or hornbeam-beech (Carpinus betulus—Fagus
orientalis) forests predominate, whereas areas at altitudes above ~1500 m are occupied by firs
(Abies nordmanniana) in western and spruce (Picea orientalis) in eastern Pontic Mountains.
The subalpine and alpine belt above ~2000 m asl is dominated by grasslands with Juniperus
communis. The south-east mountain slopes facing the Anatolian Plateau are covered by drier
vegetation types, including open woodlands dominated by junipers (Juniperus excelsa, J.
oxycedrus) and deciduous oaks (Quercus pubescens, Q. trojana), growing at the border
between forest and steppe. In contrast, pines (Pinus nigra, P. sylvestris) together with Betula
and Populus form the high-altitude forest line at ~2000 m. Above this elevation and in dry
central regions of Anatolia, grasslands with thorny shrubs such as Astracanthus,

Acantholimon, Sarcopoterium are characteristic.
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Fig. 2. Simplified vegetation profile across the Pontic Mountains (modified from Kiirschner et
al., 1997; details in Shumilovskikh et al., 2012).
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Material and methods
Age-depth model

Sediment cores 22-GC3 (839 cm) and 22-GC8 (943 c¢cm) were taken during the RV
METEOR cruise M72/5 in 2007 from the slope of the Archangelsky Ridge in the south-
eastern Black Sea (42°13.53'N/36°29.55'E, 838 m water depth) (Fig. 1). Details on the
construction of the composite depth from both cores and the age-depth model were recently
published (see Shumilovskikh et al. (2013) for further details) and are presented in Figs 3 and
4, and in Table 2. The cores were aligned by correlating the onset of the Eemian sapropel at
820.5 cm in core 22-GC3 (Fig. 3) and 809.5 cm in core 22-GC8 using visual core inspection
as well as magnetic susceptibility and XRF logger data. The chronology for the penultimate
glacial transition and the beginning of the Eemian in core 22-GC3/8 is based on the
correlation of its 8'®0 ostracod record with the ?°Th dated speleothem §°0 record from
Sofular Cave in northwestern Anatolia (Fig. 4), which reflects changes in the %0 of Black
Sea surface water (Badertscher et al., 2011). Oxygen isotope analyses were performed on
adult ostracod valves of Candona spp. extracted from the 150 um fraction, and analyzed using
a Finnigan MAT 253 mass spectrometer with an automated KIEL IV carbonate preparation

device.
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Fig. 3. Stratigraphy of the composite core 22-GC3/8: core indicates palynologically
investigated sections of 22-GC3 and 22-GCS8; lithology presents the border of the transition
from clay-rich to organic-rich sediments; data are shown by corrected core depth; age-depth
model indicates position of anchor-points obtained from correlation with pollen (grey circles)
and 50 isotopes (black square) (Fig. 4; Table 2); sample position indicates sampling design;
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Fig. 4. Correlation of ostracod-based 820 record from core 22-GC3/8 with the Th** dated
Sofular Cave 80 record (Badertscher et al., 2011) (modified from Shumilovskikh et al.,

2013).

The chronology for the Eemian section of core 22-GC3/8 was established by correlating

our pollen record with records from loannina 284 (Tzedakis et al., 2003) and Lago Grande di
Monticchio (Allen and Huntley, 2009) (Fig. 3, Table 2), both which were independently dated

using palaeomagnetic and varve-counting approaches.

Table 2. Stratigraphical control points for sediment cores 22-GC3 and 22-GC8.

Original Composite Description Age (ka)

depth (cm)  depth (cm)

794! 794 pollen-stratigraphic correlations to Monticchio (Allen and Huntley, 2009) and loannina 284 123
(Tzedakis et al., 2003) pollen records

812! 812 pollen-stratigraphic correlations to Monticchio (Allen and Huntley, 2009) and loannina 284 1275
(Tzedakis et al., 2003) pollen records

809.52 820.5 correlation of ostracod 8'®0 record with Z°Th dated Sofular Cave 820 record (Badertscher et 128.8
al., 2011)

821.5° 8325 correlation of ostracod 320 record with 2°Th dated Sofular Cave 520 record (Badertscher et 130.4
al., 2011)

848.5° 859.5 correlation of ostracod 320 record with 2°Th dated Sofular Cave 520 record (Badertscher et 131
al., 2011)

905.5 916.5 correlation of ostracod 320 record with 2°Th dated Sofular Cave 520 record (Badertscher et 132.7

al., 2011)

Two pollen-stratigraphic anchor points were used for the core chronology. The first

anchor point at 127.5 ka represents the arboreal pollen maximum of ~90% in the pollen
record 22-GC3/8, correlated with that of Monticchio (~80%) and loannina 284 (~90%)

records. The second anchor point at 123 ka represents the distinct increase in Fagus (up to

25%) and Carpinus betulus (up to 25%) pollen percentages in the 22-GC3/8 record, which
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corresponds to the second arboreal pollen maximum (~90%) in the Monticchio record (zone
21c) and the increase in Carpinus betulus pollen (up to 40%) in the loannina 284 record
(Shumilovskikh et al., 2013). The ages for the studied sections of core 22-GC3/8 were

calculated using linear interpolation between the anchor points (Fig. 3; Table 2).

Palynological analysis

A total of 73 samples, each consisted of 1 cm® of wet sediment, were taken for
palynological analyses in core 22-GC3/8. The organic-rich part was sampled from core 22-
GC3 (780.5-816 cm) at 1 cm intervals and the lower clay-rich part was sampled from core 22-
GC8 (original depth 806-943 cm; corrected depth 817-954 cm) every 2 to 4 cm. In order to
calculate pollen concentrations, we added one or two Lycopodium spore tablets (Batch No
177745) to each sample. The samples for microscopic analysis were prepared using standard
methods, including cold 10% HCI, sieving through a metallic sieve (150 um), cold 71-74%
HF (two nights), acetolysis and sieving through a nylon sieve (1-2 um) with an ultrasonic
bath. Routine counting was carried out at 400x (1000x) magnification. We followed the
pollen and spore nomenclature of Chester and Raine (2001) and Beug (2004), whilst fungal
spores were identified using Kuprevich and Ul’yanishchev (1975) for rusts, Vanky (1994) for
smut fungi, Bell (2005) and Doveri (2007) for coprophilous fungi, and van Geel et al. (2003)
for Glomus-type. To calculate pollen and spore percentages, we counted a minimum of 300-
350 identifiable pollen grains per sample. The diagram (Fig. 5) was constructed using the
software C2 (version 1.6.6) (Juggins, 2003). Count data are available through the PANGAEA
database (www.pangaea.de).

The pollen diagram was subdivided into local zones, which were established visually by
comparing changes in the principal taxa percentages and supported by the results of biome
score calculation. For the purpose of biome reconstructions we assigned pollen taxa to plant
functional types (Shumilovskikh et al., 2012) and, based on the plant functional types
contributing to each biome, classified pollen spectra to biomes, following the method

presented by Prentice et al. (1996).

Dinoflagellate cysts analysis

For the organic-rich part of sediment core (780.5-816 cm) we used our recently
published dinocyst data (Shumilovskikh et al., 2013). The lower sediments (817-954 cm)
contain species resistant to acetolysis (Pyxidinopsis psilata, Spiniferites cruciformis),

therefore, the dinocyst counting was carried out using residues prepared for palynological
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analysis. For the purpose of this paper we present 1) dinocyst concentrations, counted
separately for freshwater/brackish and marine indicators; 2) percentages sums of thermophilic
taxa, including cysts with subtropical/tropical distribution, and of fully marine taxa, indicative
for sea surface salinity (SSS) >28 as defined in Shumilovskikh et al. (2013).

Sedimentological investigations

The determination of total inorganic carbon (TIC) was obtained by an elemental
analyser multi EA®2000 (Analytik Jena) equipped with 2 m HCIO, for CO; liberation
measured by NDIR detection. Depending on the amount of carbonate, sub-samples of 20 to
200 mg of the freeze-dried and homogenized sediment were used.

For determination of the amount of IRD, sediment sub-samples (10 cm®) were taken

every 1 cm, wet-sieved and particles >125 um were counted under a light microscope.
Results

Pollen and fungal spores

In total, 123 pollen types were identified. Rare taxa are not included in the diagram
(Fig. 5) for simplification. The pollen diagram is divided in seven pollen zones.

Zone 22GC-G1 (954-901cm, 134-132.2 ka) shows high percentages of non-arboreal
pollen (NAP) (65-85%) with mainly Artemisia and Chenopodiaceae. Pollen of steppe shrubs
Hippophaé, Ephedra distachia-type, Ephedra fragilis and high scores (15-20) of the steppe
biome (STEP) are characteristic. Arboreal pollen (AP) is represented by Pinus diploxylon-
type and Quercus robur-type with occasional occurrence of euxinian (Ulmus/Zelkova,
Corylus, Fagus, Alnus, Castanea, Tilia) and Mediterranean (Phillyrea, Pistacia) taxa. The
pollen concentration is very low (1.4x10° — 3.5x10° grains/cm®). Among fungi, Glomus-type,
Sporormiella-type and Podospora-type, spores of smuts (Urocystis, Thecaphora) and rusts
winter spores (Puccinia-type) occur.

In zone 22GC-G2 (901-841 cm, 132.2-130.6 ka), AP decreases to 10-20%, in line with
decreasing Pinus diploxylon-type and increasing Artemisia and Chenopodiaceae percentages.
Concentrations vary between 1.7x10° and 6.98x10° pollen/cm®.

Zone 22GC-G3 (841-820 cm, 130.6-128.7 ka) is marked by an increase in Quercus
robur-type (2-13%) and in scores of temperate deciduous (TEDE) biome, whereas Pinus
diploxylon-type percentages remain low and Hippophaé decrease. Concentrations increase up
to 8.16x10° — 11.26x10° pollen/cm®. The decrease in Glomus-type and Sporormiella-type is
characteristic for this zone.
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Fig. 5. Simplified pollen diagram (%) for the analysed part of the core 22-GC3/8: a) arboreal
pollen (AP) and biome scores for selected biomes; b) non-arboreal pollen (NAP) and fungal
spores. A x10 exaggeration line (grey) of the horizontal scale is used to show changes in low
taxa percentages.

Zone 22GC-E1 (820-815.5 cm, 128.7-128 ka) corresponds to a significant increase in
AP (53%), mainly Quercus (20-34%), Pinus (10-15%) and Juniperus (1-5%). NAP values
decrease due to a decline in Artemisia and Chenopodiaceae, whereas percentages of other
Asteraceae (Matricaria-type, Cichorioideae, Senecio-type) and of Poaceae slightly increase.

Zone 22GC-E2 (815.5-807.5 cm, 128-126.4 ka) shows a further increase in AP values
(60-87%) and a Juniperus maximum (10-30%). This zone is marked by increasing pollen
concentrations of up to 249x10° grains/cm® and high percentages of euxinean taxa: Corylus,
Carpinus betulus, Fagus, Fraxinus cf. oxycarpa, Alnus (each 1-7%), accompanied by
Fraxinus excelsior, Castanea, Tilia, Pterocarya, Ostrya-type. TEDE biome scores reach 20-
29. Summer spores of rusts (uredospores) occur in the sediments.

Zone 22GC-E3 (807.5-793.5 c¢cm, 126.4-122.9 ka) is characterized by a Corylus
maximum (7-13%) and by high percentages of Carpinus betulus (6-19%), Ostrya-type (6-
14%), Quercus robur-type (7-15%), Fagus (3-10%), accompanied by Ulmus/Zelkova, Alnus,
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Fraxinus excelsior-type, and Fraxinus cf. oxycarpa. Remarkable here is the continuous
occurrence of Ericaceae (1%). Thermophilic taxa such as Castanea, Tilia, Buxus, llex,
Pterocarya, Hedera helix, Quercus ilex-type, Phillyrea, Olea, Pistacia, Fraxinus ornus occur
occasionally. Pollen concentrations reach a maximum value of 355x10% grains/cm® in this
zone. Uredospores remain constant.

The zone 22GC-E4 (793.5-780 cm, 122.9-119.5 ka) is marked by a decline of Corylus
(0.5-2.5%) and an increase of Fagus (11-25%) and Carpinus betulus (14-24%) with a higher
occurrence of Taxus and Buxus pollen. At a core depth 787-789 cm (~121.8-121.3 ka) Pinus
increases up to 6-9%. Concentrations decrease to 64.1x10° - 258x10° pollen/cm?®. Spores of

Sporormiella-type become almost absent.
Total inorganic carbon, ice rafted detritus, dinocyst records

Selected proxies used to characterise the Black Sea surface conditions during the
penultimate deglaciation are presented in Fig. 6. TIC values vary between 0.1 and 2.1 wt%
during 133.5-130.4 ka and increase from 1.8 at 130.4 ka (832.5 cm) to 5.8 % at 128.5 ka
(818.5 cm). The amounts of IRD (Fig. 5d) in the samples vary considerably from 0 to 463
grains/10 cm® and exhibit several alternating periods of low and high amounts. IRD minima
correlate with several distinct maxima (400-2600 cysts/cm®) in the dinocyst record (Fig. 5c)
and low dinocyst concentrations (11-115 cysts/cm®) coincide with high amounts of IRD. An
oscillating increase in dinocyst concentrations (401-14000 cysts/cm®) is observed from 851
cm (~130.8 ka) onwards. After 130.4 ka (833 cm) IRD disappears, while freshwater/brackish
dinocysts increase rapidly (Figs. 6 and 7).

age, ka
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Fig. 6. Palaeoclimate records: (a) TIC, (b) dinocyst concentrations, (c) ice rafted detritus
(IRD) from core 22-GC3/8 versus depth (cm, corrected) and age (ka). Note that three IRD

maxima are not presented on the figure.
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Discussion

Climate instability during the penultimate glacial/interglacial transition

We would like to mention potential chronological uncertainties of the 22-GC3/8 record,
which is derived from the alignment of the §'®0 ostracod record and pollen spectra to other
records (Fig. 3; Table 2). The alignment of 22-GC3/8 §'0 ostracod record to the precisely-
dated Sofular Cave record is valid as the stalagmite and marine sediments show a strong
similarity across the last deglaciation when both records are dated independently (Fleitmann
et al., 2009; Badertscher et al., 2011). Therefore, age uncertainties of the 22-GC3/8 record for
the interval between 134 and 128 ka are most likely in the range of only a few hundred years.
However, age uncertainties are increasing between 128 and 119 ka as the 22-GC3/8
chronology is then based on a correlation with pollen records from Europe. Recent works
demonstrate that pollen-based age estimations can be appropriated for the last 20 ka (Giesecke

et al., 2013). However, age errors at the interglacial scale could be greater than 1 ka.

Climate instability during the penultimate glacial-interglacial transition

Based on several proxies from sediment cores 22-GC3/8, the environmental and
climatic conditions of the Northern Anatolia / Black Sea region during the penultimate
deglaciation can be characterised in close detail.

One of the most important indicators of long-term environmental changes is the period
of depleted ostracod-based &'%0 values (Fig. 7a) between ~130.4 and 131.7 ka, which shows a
very similar pattern to the §'®0 signal from Sofular (Fig. 4). According to Badertscher et al.
(2011), the depleted &0 signal in the Sofular record indicates a melt-water pulse from the
Eurasian ice sheets and inflow of water from the Caspian Sea into the Black Sea. Occurrences
of IRD in cores 22-GC3/8, presently located ~70 km off the coast, is explained by the
transport in coastal ice that could be formed at the southern Black Sea coast during extremely
cold winters (Nowaczyk et al., 2012), similar to modern coastal ice formation in the northern
Black Sea (Ozsoy and Unliiata, 1997). The indicator value of IRD for cold winters is
strengthened by its correlation with dinocyst concentrations (Fig. 6b-c), where maxima
(minima) indicate an increased (decreased) primary productivity (Pospelova et al., 2006;
Shumilovskikh et al., 2012). TIC primarily reflects the amount of authigenically formed
carbonate at the sea surface related to CO,-assimilation and pH-increase by phytoplankton

activity. Additionally TIC includes a minor fraction of detrital carbonates originating from
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terrestrial erosion. Furthermore, the abundance of mycorrhizal conidiospores of Glomus-type
is used as an additional indicator for soil erosion (van Geel et al., 2003) (Fig. 5b).

The period preceding the melt-water pulse (~134-131.7 ka), IRD (Fig. 6¢) and dinocyst
concentrations (Fig. 6b) suggest unstable environmental conditions characterised by rapid
alternations of warm and cold phases (Fig. 7b, c). The dominance of Artemisia,
Chenopodiaceae and Poaceae with relatively high percentages of Pinus (Fig. 5, 22GC-G1)
reveals the presence of open steppe landscapes with Pinus stands, indicating a rather
continental and arid climate. The low TIC content until 130.4 ka BP originates just from
detrital carbonate (as determined by bulk &0 measurements not shown here) and the lacking
contribution of authigenic carbonate indicates both reduced phytoplankton productivity and
relatively cold conditions.

During the melt-water pulse (~131.7-130.4 ka) (Fig. 7a), high IRD concentrations (Fig.
7¢) suggest a more frequent occurrence of cold winters. Low dinocyst concentrations also
indicate relatively low sea-surface temperatures, which were too cold for dinoflagellate
blooms and cyst production (Fig. 7b). The spreading of steppe, indicated by the increase in
Chenopodiaceae and decrease in Pinus (Fig. 5, 22GC-G2), indicates more arid conditions
than during the previous period.

After the melt-water pulse, initial warming is indicated by several proxies in core 22-
GC3/8 (Fig. 7). Increasing primary productivity since ~130.4 ka is indicated by higher
dinocyst concentrations (Figs. 6b and 7b) and by increasing authigenic carbonate production
shown by higher TIC values (Fig. 6a). Winter sea-surface temperatures >0°C are indicated by
the complete absence of IRD after ~130.4 ka (Figs. 6¢ and 7c), whereas warmer/wetter
conditions on land since ~130.5 ka are indicated by spreading of oak and a significant
increase in temperate deciduous (TEDE) biome scores (Figs. 5 and 7e.3). At the same time,
the Glomus-type becomes rare (Fig. 5b), indicating a decrease in soil erosion as a result of to
the development of a denser vegetation cover. It is important to mention that the increase in
Quercus during the deglaciation is a characteristic feature in Mediterranean pollen records
(Sanchez Goiii et al., 1999; Tzedakis et al., 2003; Allen and Huntley, 2009), indicating that
oak is one of the most sensitive taxa to initial warming in the Mediterranean region. Aquatic
and terrestrial proxy records from core 22-GC3/8 show clear evidence for a rapid ecosystem
response to initial warming after the end of the melt water pulse at ~130.5-130.4 ka (within
the accepted age-depth model), which is close to the estimations of Brauer et al. (2007) for
Lago di Monticchio (Fig. 1) at 130.55 ka.
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Fig. 7. Summary plot of records from 22-GC3/8 indicating environmental changes in
Northern Anatolia and the Black Sea between 134 and119 ka BP: (a) 5'®0 ostracod record
from core 22-GC3/8; (b) concentration of freshwater/brackish dinocysts in 1 cm® of core 22-
GC3/8; (c) ice rafted detritus (IRD)/10 cm? (note that three maxima are not presented, details
in Fig. 6¢); (d) sums of thermophilic (red) and fully marine (purple) dinocyst taxa percentages
(Shumilovskikh et al., 2013); (e) percentages of arboreal pollen (e.1) and of selected pollen
taxa: e.2 Pinus diploxylon-type (Pinus), e.3 deciduous Quercus (Quercus), e.4 Ostrya-type
(Ostrya), e.5 Fagus (Fagus); (f) June insolation at 30°N (Berger and Loutre, 1991). Light-
blue arrow illustrates melt-water pulse (MWP) (after Badertscher et al., 2011), purple arrow —
onset of Mediterranean inflow (Med), indicated by increase in marine species percentages (d),
six dark-blue arrows — cold events during the penultimate transition, indicated by decrease in
dinocyst concentrations (b) and increase in IRD (c). Yellow rectangle shows glacial period,;
green — Eemian, defined by AP (e.1) exceeding 50%; blue — lacustrine conditions in the Black
Sea; purple — marine conditions due to Mediterranean inflow.

In accordance to Brauer et al. (2007), we do not find clear indications for a Younger
Dryas-type event in the records from core 22-GC3/8. The fluctuations of dinocyst/IRD
abundances suggest unstable climate conditions with several cold phases of 200 to 300 years
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duration and several warm phases lasting approximately 50 to 200 years between ~133.4 and
130.6 ka (Fig. 7). These short events took place before and after the melt water pulse and do
not show such a pronounced impact as the Younger Dryas, which was recorded by several
proxies in core 22-GC3 as an interruption of the initial warming during the late glacial
(Shumilovskikh et al., 2012). The longest cold period (~130.4-131.7 ka) during the
penultimate deglaciation was the melt water pulse (Fig. 7), documented before the initial
warming, and we suggest its possible correlation to Heinrich event 11 (Heinrich, 1988;
Hemming, 2004).

Vegetation and climate changes in Northern Anatolia during the last interglacial

Fairbridge (1972) defined an interglacial as a “certain formation characterized by an
assemblage of sediments, soils, fauna and flora, that are characteristic of climatic conditions
generally as warm as or warmer than today”. Based on this definition and considering forests
as the potential interglacial vegetation of Northern Anatolia (Mayer and Aksoy, 1986) we
define the onset of the LI by an abrupt increase in AP to 50% (Fig. 5, 22GC-E1). This
approach is controlled by pollen reconstructions from core 22-GC3, where the Younger
Dryas/Holocene transition was clearly indicated by an increase in AP to 50% (Shumilovskikh
etal., 2012).

Based on vegetation changes recorded in core 22-GC3/8, four principal phases can be
distinguished during the LI. The succession starts with the Quercus maximum at ~128.7 ka
and Juniperus maximum at ~128 ka (Fig. 5), interpreted as a period of hot summers and
strong seasonal moisture deficit, similar to the present climate in central Anatolia (Mayer and
Aksoy, 1986). The time lag of ~700 yr between oak and juniper maxima could be either
related to a real change in vegetation cover or also to changes of sedimentation conditions in
the Black Sea. The rapid rise of the global sea level during the Eemian (e.g. Rohling et al.,
2007) caused the inflow of salty Mediterranean waters into the Black Sea basin, considerably
changing its hydrology (Shumilovskikh et al., 2013) and establishing marine conditions in the
basin within ~700 years of the onset of interglacial conditions (Fig. 6). The inflow of salt
water from the Mediterranean induced the formation of anoxic conditions, allowing good
preservation of organic material, which is especially important for pollen taxa with thin exine,
such as Juniperus, Taxus, and Cyperaceae. Regardless of the time lag, 30% Juniperus in the
sample, which is generally underestimated in pollen records (Beer et al., 2007), suggests a
very dense cover of Juniperus on the Pontic Mountain slopes at the beginning of the Eemian.

Generally wetter/warmer conditions between ~128.7 and 126.4 ka are indicated by the spread
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of Fagus, Corylus, Carpinus betulus, Carpinus orientalis/Ostrya, Castanea (Fig. 5a).
Fraxinus cf. oxycarpa, Alnus, Ulmus/Zelkova, Pterocarya, and Salix (Fig. 5a) suggest the
development of riparian forests and/or a higher river discharge and resultant increased
transport of pollen from these vegetation types towards the Black Sea.

During the second phase lasting from ~126.4 to 122.9 ka (22GC-E3), the pollen spectra
are dominated by Ostrya-type, Carpinus betulus, Corylus and Quercus, which indicate the
establishment of relatively open mixed forests. The deciduous submediterranean species
Ostrya carpinifolia and Carpinus orientalis (Meusel and Jager, 1987) suggest a climate
characterised by warm summers and mild winters with year-round precipitation (Mayer and
Aksoy, 1986). Winter temperatures >0 °C is also suggested by occurrence of thermophilous
Pterocarya and increased Olea, Phillyrea, Fraxinus ornus, Pistacia, and Laurus (Fig. 5a),
indicating the presence of Mediterranean vegetation in the dry lowlands of the Pontic
Mountains with similar to modern conditions.

The third period (22GC-E4) is marked by increased Fagus abundances (25%) at ~122.9
ka (Figs. 5a and 7e.5). The spread of Fagus is indicative for the onset of a cool temperate
climate, with average temperatures of 16.1-20.5°C for the warmest and -1.5 — -3.2°C for the
coldest months by the distribution limits of oriental beech (Fang and Lechowicz, 2006). This
is similar to pollen-based estimates of Huntley et al. (1989) with -1 to -4°C in January and
18°C in July. The establishment of closed beech forests correlates with a decrease in
percentages of shade-intolerant Corylus (22GC-E4). This suggests that factors other than
climate, such as competition for light (Bozilova and Djankova, 1976), were important.

The onset of colder and dryer conditions, characteristic for the fourth phase (Aalsberg
and Litt, 1998; Klotz et al., 2003), is evidenced by an increase in percentages of the
eurythermic conifer Pinus after ~121.5 ka (Fig. 7e.2).

Fungal spores provide additional information about environmental changes on land .
Spores of facultative coprophilous fungi such as Sporormiella-type, Sordaria-type and
Podospora-type occur more often during the glacial period and decline at the onset of the
interglacial conditions (Fig. 5b). Similar to the late glacial-Holocene record derived from core
22-GC3 (Shumilovskikh et al., 2012), we interpret higher concentrations of fungal spores as
terrestrial input of eroded decaying organic matter. The increase spores of rusts at ~128 ka
(Fig. 5b) coincides with the increase in the total amount of arboreal pollen and is thus
indicative for increased numbers of host plants: either of particular host species or simply
increased plant biomass. Furthermore, changes in the percentages of winter and summer rust

spores are most likely related to a longer growing season. Summer spores are produced by
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obligate parasitic rust fungi for vegetative reproduction mainly during the summer (Kuprevich
and Ul’yanishchev, 1975) and thus require a sufficiently long growing season. In contrast,
winter spores (generative reproduction) occur more often during the Juniperus-phase (22GC-
E2), indicative for a rather continental climate with moisture deficit and short vegetation
period. The smut fungi represent the other big group of plant pathogens occurring in core 22-
GC3/8 (Fig. 5b). These fungi infect only sedges, grasses and herbs (Vanky, 1994) and their

stable occurrence in the record is not connected to changes in tree biomass.

The Black Sea region in the context of the Eemian vegetation history of Europe

Although the end of the penultimate deglaciation in Northern Anatolia is characterized
by a dominance of Artemisia, Chenopodiaceae and Poaceae, the presence of Pinus and
Quercus in the pollen record 22-GC3/8 (Figs. 5 and 7e) suggest forest-steppe landscapes with
oaks and pines. Furthermore, the presence of Fagus, Carpinus betulus, Ostrya-type, Corylus,
Castanea, Tilia and Mediterranean plants such as Olea, Pistacia, Phillyrea (Fig. 5a) provides
clear evidence for glacial tree refugia (sensu Tzedakis and Bennett (1995)) in the Pontic
Mountains. This makes Northern Anatolia comparable to Southern Europe, where vegetation
developments proceeded without migration lags.

The general development of vegetation succession in Northern Anatolia obtained from
core 22-GC3/8 is comparable with other pollen records from the Black Sea region (Fig. 1,
Table 3), such as the Black Sea record 379A (Koreneva and Kartashova, 1978), Caucasian
records (Shatilova, 1974) and Staro Orjachovo from Bulgaria (BoZilova and Djankova, 1976),
Nosovo-1 (Spiridonova, 1991) from the Don delta. The latter, although missing the mid-
Eemian, demonstrates generally a more continental character of the vegetation at the
beginning of the Eemian as revealed by the dominance of eurythermic Pinus and the boreal
Betula and Picea. Comparison of the Black Sea records (Table 3) reveals Fagus as an
important taxon for the Black Sea region: 25% of Fagus in 22-GC3/8, ~20 % in the Black Sea
core 379A, 10-20 % in Georgian records, and ~20 % in Staro Orjachovo (Fig. 8).

The general picture clearly demonstrates that beech was widespread in the coastal
mountains surrounding the Black Sea during the Eemian, which is very interesting
considering that beech played a negligible role in European vegetation during the last
interglacial (Lang, 1994) (Fig. 8, Table 4). Indeed, Eemian pollen sequences in southern
Europe (Wijmstra, 1969; Woillard, 1978; De Beaulieu and Reille, 1984; Follieri et al, 1988;
De Beaulieu and Reille, 1992a, 1992b; Reille et al., 1998; Tzedakis, 1999, 2000; Tzedakis et

al., 2003; Allen and Huntley, 2009) reveal the absence or a rare occurrence (~5%) of Fagus

135



Manuscript 3

pollen, similar to northwestern European sequences (Lang, 1994) (Fig. 8). Since Fagus was
present in southern Europe during the Pleistocene (Magri et al., 2006), these different patterns
in its distribution during the Eemian point out differences in competitive ability of Fagus in
the Black Sea region and southern Europe. While the evaluation of the local factors, such as
interspecific interactions, diseases and local environment, is difficult on this large spatial
scale, below we discuss climatic and genetic factors of beech distribution in Europe during

the Eemian.

Table 3. Correlation of pollen record 22-GC3/8 to the Black Sea record (Koreneva and
Kartashova, 1978) and terrestrial records from the Azov/Black Sea coastal regions (Shatilova,
1974; Spiridonova, 1991; Bozilova and Djankova, 1976). Zones (in brackets) are given
according to references.

Nosovo-1
(Spiridonova, 1991)

Caucasian records
(Shatilova, 1974)

22-GC3/8 (this study) 379A (Koreneva and

Kartashova, 1978)

Staro Orjachovo
(Bozilova and
Djankova, 1976)

Artemisia-
Chenopodiaceae (10/9 no data Asteraceae-Pinus no data
no data CC)
Plnus-\ljlﬁle)a (ViI- Pinus-Picea-Abies (R)
Fagus-Carpinus betulus-Ostrya- Pinus-Abies- Carpinus betulus-
Quercus-Pinus (22GC-E4) Pinus-Ulmus-Fagus- Carpinus-Fagus- Fagus (Q. P)
Ostrya-Quercus-Corylus- g P g no data Quercus-Corylus-

Carpinus betulus-Fagus (22GC-
E3)

Quercus-Pinus-Juniperus-
Artemisia-Ulmus-Fagus-Corylus

Quercus-Castanea-
Ulmus-Alnus
(Karangat zone)

Carpinus-Alnus-Picea
(10ce)

Carpinus betulus-
Ostrya (O)

Pinus-Betula-Picea-

(Quercus) (111-V1)

Pinus-Quercus (N)

(22GC-E1,E2)

. Artemisia- NAP-Pinus-Betula-
NAP'QUgf ngpén%s (22GC- Chenopodiaceae-Pinus no data Picea no data
T (11 CC) (I-11)

Footnote: NAP = non-arboreal pollen; Quercus = deciduous Quercus; Ostrya = Ostrya/Carpinus orientalis;
Pinus = Pinus diploxylon-type.

Following the accepted taxonomy (Greuter and Burget, 1981), in Europe, Fagus
sylvatica L. consists of two subspecies: Fagus sylvatica L. subsp. orientalis (Lipsky) Greuter
& Burdet and Fagus sylvatica L. subsp. sylvatica. Some authors, including ourselves,
consider these taxa as species (Fagus orientalis and Fagus sylvatica) (e.g. Davis,1965-1985;
GOomory et al., 2001), whereas other suggest the existence of several ecotypes within one
species Fagus sylvatica (e.g. Denk, 1999a, 1999b; Denk et al., 2002). Both species reveal a
high phenotypic diversity (Denk, 1999a, 1999b) and high genetic variability (Denk et al.,
2002; Papageorgiou et al., 2008), and can hybridise (Denk, 1999b). Discussing the
evolutionary history of Fagus in Europe, Gomory et al. (1999) and Denk et al. (2002) point
out the high genetic variability of Asia Minor populations and suggest that Pleistocene
glacial-interglacial cycles played a decisive role for the establishment of modern beech
populations. Further details on the Pleistocene history of European beech are provided by

Magri et al. (2006), using combined fossil and genetic data. However, oriental beech in the
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Black Sea region was scarcely considered in this study. Unfortunately, pollen of both species
belong to the same morphological pollen type Fagus (Beug, 2004), making their

palynological separation an impossible task.
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Fig. 8. Modern distribution map of Fagus sylvatica L. and Fagus orientalis Lipsky (based on
Meusel and Jéger, 1989) with highest Fagus percentages achieved during the Eemian
(Mediterranean records Fig. 1 and Table 1, central and northern European records from Lang
(1994)).

From the biogeographical point of view, beech is a typical tree for the cool-temperate

]

zone, and European and oriental beech show very similar climatic limits of distribution (Fang
and Lechowicz, 2006). However, phytoecological requirements differ between the two
species. For example, species composition of Fagus orientalis forests in Greece consists of
thermophilous species with Submediterranean or Balkan distribution, indicating warmer and
dryer conditions compared to Fagus sylvatica forests (Bergmeier and Panayotis, 2001).
Furthermore, oriental beech is restricted to the Black Sea coastal mountains, whereas the
western limits of European beech distribution run through the eastern Stara Planina and
Rodopi mountains (Meusel and Jager, 1989; Gomory et al., 1999; Denk, 1999b). The fact that
the modern distribution of Fagus orientalis coincides well with high pollen percentages of
Fagus during the Eemian (Fig. 8) is possibly indirect evidence that oriental beech formed
Eemian forests in the Black Sea region, whereas European beech never was a dominant
species at that time. This observation challenges the importance of genetic factors for beech
forest distribution.

Global and regional climate dynamics can be also related to the Fagus history in
Europe. Globally, Eemian climate is characterised by temperatures 2 °C higher than present,
causing melting of glaciers and, therefore, a sea-level ~4-6 m higher than present (Cuffey and

Marshall, 2000; Otto-Bliesner, 2006; Rohling et al., 2007). Pollen records from Europe
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correlate well with record 22-GC3/8 (Table 4), indicating warmer summers during the
Eemian in response to higher summer insolation (Fig. 7f). The significant spread of Fagus in
Northern Anatolia started at ~123 ka and was concurrent with the Carpinus-Picea phase in
Europe (Aalsberg and Litt, 1998) (Table 4), which is indicative for a decrease in winter
temperature by 5.2°C and in summer temperature by 1.4°C (Klotz et al., 2003). The isotopic
profile of speleothems from Soreq Cave (lIsrael) indicates a major increase in the annual
rainfall coupled with frost-free winters and drought-free summers between 124 and 119 ka
(Bar-Matthews et al., 2000). In Northern Iberia, winter cooling by 2 °C on land and increased
annual precipitation by 100-200 mm is suggested at 121 ka and explained by a southward
migration of the polar front (Sanchez Goni et al., 2005). In summary, the general climate
cooling in Europe after ~123 ka can explain an increase in Fagus percentages. However,
significant beech pollen quantity between 128-123 ka is difficult to explain by the summer-
warm climate during the period of summer insolation maximum (Fig. 7f) and required

analysis of climate on regional scale.

Table 4. Correlations between the Eemian pollen record of 22-GC3/8 to equivalent intervals
of pollen records of loannina (Tzedakis et al., 2003), Monticchio (Allen and Huntley, 2009),
MD952042 (Sanchez Goiii et al., 1999), combined pollen stratigraphies for north
(Aalbersberg and Litt, 1998) and central (Klotz et al., 2003) Europe and marine isotope stage
scale as defined by Shackleton et al. (2003). Zones (in brackets) and ages of their borders are
given according to references.

Age . . I . < North and central Europe MIS
(ka) 22-GC3/8 (this study) Ioanrtnr;a %égdakls MOT_:'CC:?'O (?(;é%n and MDQSZO:‘ZI (Slggghez Gofii (Aalbersberg and Litt, (Shackleton et
etal., 2003) untley, 2009) etal, 1999) 1998; Klotz et al., 2003) al., 2003)
115 Abies-Quercus-Alnus- Betula
ﬂg no data bgtﬂfggu/ib?eirgmss (213) Quergus»Carpinus betulus- Pinus-Picea-Abies
118 Poaceae Ericaceae (MD42-5)
119 Quercus-Alnus-Abies (21b)
120 - i . .
o1 bewl’:;?g;%z%ﬂgiws_ Carpinus betulus- - Quercus-Carpinus betulus- Carpinus-Picea
120 Pinus (22GC-E4) QuerCU§-Ostrya- Quercus-Ostrya-Carpinus evergreen Quercus-
123 Pinus betulus (21c) Mediterranean (MD42-4)
124 Ostrya-Quercus- Quercus-Carpinus
: " Quercus-evergreen

125 X Corylus-Carpinus betulus-Pinus- Quercus-Poaceae-Qstrya— Quercus-Mediterranean Quercetum mixtum-Corylus

etulus-Fagus (22GC- Ostrya-evergreen Ulmus-Corylus-Mediterranean
126 (MD42-3)

Quercus- (21d-f) 5

127 Juniperus-Quercus- Mediterranean €
128 Ulmus- Pinus-Fagus- Quercus-Poaceae-Artemisia Quercus-Betula-

Corylus (22GC-E2) Quercus-Pinus- (22a) Cupressa(_:eae-Anemisia- Betula-Pinus

Quercus-Artemisia- Poaceae-Juniperus Poaceac-Artemisia- Chenqpodlaceae-Ephedra—
129 Pinus-Chenopodiaceae- Chenopodiaceae-Juninerus Ericaceae (MD42-2)

Juniperus-(22GC-E1) guercus (22b) P
130 Artemisia-

Chenopodiaceae-
131 Quercus-Pinus (22GC- .
G3) Poaceae-Artemisia- Poaceae-Artemisia- . .
Artemisia- Quercus-Pinus Chenopodiaceae-Juniperus Artemisia-Chenopodiaceae- )
. . (22c) Ephedra-Poaceae- NAP-Betula-Pinus

132 Chenopodiaceae-Pinus-

Poaceae (22GC-G2)

133 Artemisia- Pinus-
134 Chenopodiaceae-
Poaceae (22GC-G1)

no data

Artemisia-Poaceae-
Chenopodiaceae-Juniperus
(22d)

Cupressaceae (MD42-1)

6

Footnote: NAP = non-arboreal pollen; Quercus = deciduous Quercus; Mediterranean = Olea, Pistacia, Phillyrea;
Pinus = Pinus diploxylon-type; Ostrya = Ostrya/Carpinus orientalis

On the regional scale, higher than present summer temperatures between 126.4 and
122.9 ka, revealed by pollen record 22-GC3/8, correlate well with a period of warm and fully
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marine sea-surface conditions in the Black Sea between 126.5 and 121 ka (Fig. 7),
characterized by SSS >28%o (presently 18%o) and minimum SSTs of 7°C in winter (4-8°C)
and up to 27°C in summer (23-25°C) (Shumilovskikh et al., 2013). Such warm and saline
surface conditions were explained by elevated warm and saline Mediterranean water inflow
into the Black Sea and by higher than present summer temperatures resulting in increased
evaporation (Shumilovskikh et al., 2013). Higher summer temperatures suggest a shift of the
beech forest belt to higher than present elevations, meaning further away from the coring site
22-GC3/8, and a spread of Quercus-Ostrya-Carpinus betulus vegetation at lower elevations.
Furthermore, increased evaporation from the Black Sea, the main source of precipitation in
the Pontic Mountains (Badertscher et al., 2011), may led to a higher transport of moisture to
central parts of Anatolia. The increase in atmospheric moisture and higher orographic
precipitation on the northern slopes of the Pontic Mountains may have prevented the
establishment of typical Mediterranean vegetation there. The second effect implies an
increased moisture transport further south, which may have led to an expansion of the beech
forest belts towards the central part of Anatolia, consequently pushing pine and oak belts
further south. Decreasing temperatures and increasing precipitation at around ~123 ka could
have lead to movements of the vegetation belts back northwards, however, new pollen records
from Anatolia are required to test this hypothesis.

Briefly, the discussion about Eemian Fagus history in southern Europe is based on
observations of very low or absent beech pollen in diagrams, suggesting its negligible role in
the vegetation history during the MIS 5e (Magri et al., 2006). Our new data from the Black
Sea region provide evidence for the existence of Fagus forests in the present distribution area
of Fagus orientalis, opening the discussion about possible factors influencing beech

behaviour during the LI in Europe.

Conclusions

The multiproxy records from the SE Black Sea provide detailed environmental
reconstructions in Northern Anatolia between 134-119 ka. Dinocysts and IRD records reveal
climatic instability during the penultimate deglaciation, characterised by alterations of short-
lived cold and warm events, preceding the melt-water pulse from the Eurasia ice sheet. The
main trends in vegetation succession in Northern Anatolia during the Eemian correspond to
vegetation changes in Europe. The discrepancy in the spatial extent of Fagus in Europe and
Asia Minor during the Eemian highlight the importance of global and regional climatic as

well as genetic factors for the beech distribution.
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Abstract

High-resolution pollen and dinoflagellate cyst records from marine sediment core 25-
GC1, covering 64-25 ka BP, were used to reconstruct vegetation dynamics in Northern
Anatolia and surface conditions of the Black Sea during the last glacial. The dominance of
Artemisia in the pollen record indicates a steppe landscape and arid conditions, whereas the
presence of temperate and warm-temperate arboreal pollen suggests glacial refugia in
Northern Anatolia. A general cooling trend towards 25 ka BP is evident by the decrease of
Quercus and increase of Pinus. Climatic oscillations known as Dansgaard-Oeschger (D-O)
events from Greenland ice-core records are clearly reflected by an increase of temperate tree
pollen, mainly of Quercus, indicating a spread of oak forests due to warm and wet conditions
during the D-O interstadials. The dinocyst record reflects brackish conditions in the Black Sea
during the last glacial, indicated by Pyxidinopsis psilata and Spiniferites cruciformis. The
decrease of marine indicators (marine dinocysts, acritachs) and the increase of freshwater
algae (Pediastrum, Botryococcus) from the bottom to the top of the core indicate freshening
of surface water towards 25 ka BP. D-O interstadials are indicated by high dinocyst
concentrations reflecting an increase of primary productivity. Heinrich events show a similar
impact on the environment in Northern Anatolia/Black Sea region as Dansgaard-Oeschger

stadials.

Key-words: pollen, dinoflagellate cysts, Dansgaard-Oeschger events, Heinrich events,

marine isotope stadium 3
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Introduction

The climatic conditions during the last glacial are characterized by several dramatic and
rapid alternations of cold and warm intervals, detected in Greenland ice cores (Dansgaard et
al., 1993; Grootes et al., 1993) and known as Dansgaard-Oeschger (D-O) stadials and
interstadials, respectively. Although the triggers and mechanisms of these changes are still
under discussion (Kudrass et al., 2001; Rahmstorf, 2002), the impact of the D-O events on the
environment and vegetation of the western Mediterranean region have been documented by
marine records from the Atlantic (Sanchez-Goiii et al., 2000), Alboran Sea (Sanchez-Goni et
al., 2002) and by high-resolution terrestrial pollen records (see review by Fletcher et al.,
2010). Pollen records revealed a clear response of vegetation to D-O events: steppe
landscapes characterized stadials and temperate, mainly oak, forest developments were typical
for interstadials (Fletcher et al., 2010). During D-O stadials the ice sheet became instable and
huge ice blocks drifted and brought ice-rafted detritus (IRD) southwards (Bond and Lotti,
1995). The most extreme of these cold intervals, Heinrich events (HE) (Heinrich, 1988; Bond
et al., 1993), are characterised by low sea-surface temperatures (SST) and reduced sea-surface
salinity (SSS) of Northern Atlantic (Rahmstorf, 2002; Hemming, 2004). The effect of HE on
the vegetation is contradictory, as several pollen records support an impact (e.g. Margari et
al., 2009), whereas others do not (e.g. Sanchez Gofii et al., 2002). In addressing such large
scale and contentious questions, the advantage of multidisciplinary studies on marine
sediments is that they provide combined terrestrial-marine sequences, permitting land-sea

correlations in situ (Roucoux et al., 2005).
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In comparison to the western Mediterranean, the environmental impact of millennial-
scale climatic instability during the last glacial is less well known in the eastern
Mediterranean region (Fletcher et al., 2010). The high-resolution pollen records from Tenaghi
Philippon (Greece) reveal high sensitivity and rapid response of vegetation to climatic
changes during the D-O events (Miiller et al., 2011). In contrast, high-resolution and precisely
dated stalagmite oxygen and carbon isotope records from the Sofular Cave in northwestern
Turkey demonstrate a rapid ecosystem response to D-O and Heinrich events, and suggest a
phase lag of up to several hundred years between climate and vegetation (Fleitmann et al.,
2009).

In this study we present the first continuous pollen and algal records from the SE Black
Sea during the glacial interval 63-25 ka BP. Within this work we address the question of how
the vegetation of Northern Anatolia and surface conditions of the Black Sea react to the

millennial scale climate variability during the last glacial.

Geographical characteristics of the core site

Today, the Black Sea is the largest anoxic basin on the Earth. The upper ~200 m water
layer is oxygenated with a salinity of 17-18%o., whereas the water layer below 200 m is anoxic
with a salinity of ~22%o (Ozsoy and Unliiata, 1997). Such a characteristic vertical structure of
the Black Sea is caused by the interruption of vertical water circulation through different
densities of upper and lower water layers. The upper layer receives freshwater input from
rivers and precipitation and therefore is less dense than the deeper layer, influenced by inflow
of saline (~37 %o) Mediterranean water through Bosporus (Kosarev and Kostianoy, 2008).

The northwestern slopes of the Pontus Mountains receive precipitation from the Black
Sea and therefore are covered by temperate forests. In altitudes between 0-800 m Fagus
orientalis associates with various deciduous trees such as Carpinus betulus, Castanea sativa,
Tilia rubra, Corylus, deciduous Quercus species etc. with evergreen shrubs (Rhododendron
ponticum, llex aquifolium, 1. colchica, Daphne pontica, Buxus sempervirens, Prunus
laurocerasus) and lianas (Smilax, Hedera, Clematis, Vitis) (Zohary, 1973; Mayer and Aksoy,
1986). However, scattered Mediterranean trees or shrubs (Phillyrea media, Laurus nobilis,
Cistus creticus, J. oxycedrus, Erica arborea, Myrthus communis, Arbutus andrachne) can be
found in warm and dry habitats along the Black Sea coast. At higher elevations (~800-1500
m), pure beech (F. orientalis) or hornbeam-beech (Carpinus-Fagus) forests predominate.
Relatively low mountains (below 1500 m) explain the dominance of pure Fagus forests and

the absence of Abies in the central part of the Northern Anatolia, whereas Abies dominate in
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western and Picea in eastern Pontus Mountains. Grasslands dominate in the subalpine and
alpine mountain belt above ~2000 m elevation. The southeastern mountain slopes facing the
Anatolian Plateau lie in the rain shadow and are therefore covered with drier vegetation types,
including open woodland dominated by eurythermic conifers (Pinus nigra, Juniperus excelsa,
J. oxycedrus) and deciduous oaks (Quercus pubescens, Q. trojana). At the border between
forest steppe and steppe, oaks and junipers grow. Above ~2000 m elevation subalpine thorny
shrubs (Astracanthus spec., Sarcopoterium spec.) are characteristic (Zohary, 1973; Mayer and
Aksoy, 1986).

Material and methods

The sediment core 25-GC1 (42° 06.2' N/ 36° 37.4' E; 418 m water depth) was collected
in the SE Black Sea (Fig. 1) during cruise M 72/5 of the RV Meteor in 2007.

Chronological framework

Details of the construction of the age-depth model for core 25-GC1 are described by
Nowaczyk et al. (2012) and presented here briefly. Tephra layers, radiocarbon ages and
palaeomagnetic Laschamp Event provide independent controls for the development of a
chronological framework (Fig. 2). Tuning to NGRIP oxygen isotope record GICCO05 was
carried out by the computer software xtc by simultaneous synchronization and interactive
wiggle-matching routine of climate-related variations in the Black Sea records such as log-
normalised IRD abundances, carbonate content, Ca XRF-counts, and high-resolution

magnetic susceptibility (Fig. 2).
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Palynological investigation

In total, 152 subsamples of 1 cm® of wet sediment were taken along the core and
prepared using standard methods (Erdtman, 1960; Moore et al., 1999), including cold 10%
HCI, cold 71-74% HF over two nights, acetolysis (three minutes) and final cleaning with an
ultrasonic bath (nylon sieve of 1-2 um mesh size). In order to calculate pollen concentrations
(Stockmarr, 1971), one or two tablets of Lycopodium spores (Batch No 177745, consist of
185844354 spores) were added to each sample. We followed the pollen and spore
nomenclature of Beug (2004) and Chester and Raine (2001). Pollen sum for calculation of
pollen and spores percentages include a minimum of 300-350 identified counted pollen grains
per sample. In order to compare the pollen record 25-GC1 for a general overview of European
pollen records of Fletcher et al. (2010), we grouped pollen spectra to biomes following
classification of these authors.

In order to evaluate sea-surface conditions, dinoflagellate cysts (dinocysts), green algae
(Pediastrum,  Botryococcus,  Zygnemataceae) and  acritarchs  (Cymatiosphaera,
Micrhystridium) were counted on the residues prepared for palynological analyses. Due to the
possible damage of cysts by acetolysis and therefore altered percentages of species in
assemblages, we present record of dinocyst concentrations. Freshwater/brackish species
include Pyxidinopsis psilata, Spiniferites cruciformis and Caspidinium rugosum, marine
species — Lingulodinium machaerophorum, Operculodinium centrocarpum, Tuberculodinium
vancampoae, Tectatodinium pellitum, Bitectatodinium tepikiense, Penthapharsodinium dalei,
Spiniferites pachydermis, Spiniferites ssp.

The diagrams (Figs. 3, 4 and 5) were constructed using the software C2 (version 1.6.6)
(Juggins, 2003).

Results

Pollen (Fig. 3) and algae (Fig. 4) data are presented in age-scale. Grey bars indicate D-O
interstadials as indicated by CaCO3 and IRD records (Fig. 5).

Pollen record

Arboreal pollen percentages vary between 5.7 and 46.7, indicating variable climatic
conditions during the glacial period. The pollen concentration vary between 1.6 and 13-17

x10° grains/cm® , showing plateau during 57-37 ka BP and a decreasing trend towards 25 ka

152



Manuscript 4

BP. General trends of vegetation changes is shown by an increase in eurythermic and
grassland/dry shrubland biomes and decrease in xerophytic biomes.

During the D-O interstadials, arboreal and temperate biome pollen increase up to 15-
47% and 10-16%, respectively (Fig. 3). The most indicative taxon is the Quercus robur-type,
which reaches 4-12% and 100-1000 grains/cm?®. The general proportion of Pinus diploxylon-
type increases towards 25 ka BP. The correlation of pine percentages to D-O warming is more
pronounced since D-O 8 and reach maxima of 14-24%, whereas concentration maxima (up to
1.3 grains/cm®) occur during D-O 14 to 12.

D-O stadials are indicated by an increase in non-arboreal pollen (NAP) percentages up
to 94% (Fig. 3), mainly by Artemisia and Chenopodiaceae. The latter show a clear response of
xerophytic biomes (Fig. 3).
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Fig. 3. Percentage and concentration (grains/cm®) diagram of main pollen taxa and
percentages of biomes, grouped following Fletcher et al. (2010).

Sea-surface records
Algal remains (Fig. 4) are presented mainly by dinocysts, reaching 11-14 cysts/cm?,
with the main contribution of freshwater/brackish species Pyxidinopsis psilata and

Spiniferites cruciformis. Dinocyst concentration is very low (0-400 cyst/cm®) during D-O
stadials and relatively high (1,300-14,000 cyst/cm®) during the D-O interstadials.
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Fig. 4. Concentration of dinoflagellate cysts, algae and acritarchs (per cm® of sediment,
x1000).

Several marine dinocyst species occasionally occur in the record such as Lingulodinium
machaerophorum, Operculodinium centrocarpum, Spiniferites ssp., Tuberculodinium
vancampoae, Tectatodinium pellitum, Bitectatodinium tepikiense, Spiniferites pachydermis
(Fig. 4). The record shows fluctuating intervals of occurrence and absence of marine species
with a clear trend of decrease in marine species concentration towards 25 ka BP, similar to
marine acritarchs Cymatiosphaera and Micrhystridium.

Freshwater algae Pediastrum, Botryococcus also have maxima or absence in fluctuating
intervals, which correlates negative to marine dinocyst species concentrations (Fig. 4). The
stable occurrence of sum of freshwater algae (Fig. 5) in the sediment begins after D-O 5 at
~32 ka BP and Pediastrum concentrations (Fig. 4 and 5) increase towards 25 ka BP

significantly.
Discussion

Long-term patterns in Northern Anatolian vegetation changes during 64-25 ka BP

Based on the pollen record 25-GC1, gradual decrease in temperate Quercus and
increase in eurythermic Pinus indicates a general cooling trend in Northern Anatolia towards
25 ka BP (Fig. 5). The suggested cooling in Northern Anatolia is also supported by IRD
records from core 25-GC1 (Fig. 5). Occurrence of IRD indicates transport of grains by coastal
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ice, formed during cold winter periods (Nowachyk et al., 2012). Concentrations of IRD in 25-
GC1 increase from bottom to the top, indicating more often occurrence of cold winters (Fig.
5). Similar to other European pollen records (Fletcher et al., 2010), our reconstructions
correlate well with the increase in Northern hemisphere ice volume towards MIS 2.
Comparing pollen data at the end of MIS 4 (~64-60 ka BP) with the data at the
beginning of MIS 2 (~28-25 ka BP) shows that during 64-60 ka BP, AP values did not exceed
13-15%, suggesting very arid conditions. During 28-25 ka BP values of AP never decrease
below 13%, suggesting rather cold but wet conditions in comparison to MIS 4. The decrease
in aridity is also supported by the decreasing role of xerophytic biomes and increase in

grassland and dry shrubland (Fig. 3).

Northern Anatolian vegetation and abrupt climate changes during the last glacial

Changes in the pollen spectra of the 25-GC1 record clearly reflect the impacts of D-O
events on the vegetation in Northern Anatolia (Fig. 3, 5). During D-O interstadials, increases
in Quercus robur-type percentages and concentrations as well as in temperate biomes
percentages (Fig. 3), suggest a spreading of temperate forests dominated by oaks in Northern
Anatolia due to an onset of humid conditions. Thereby, a pronounced increase in Quercus
percentages is characteristic for each particular D-O event, except for 17-16 and 10-9, which
show interstadial conditions but could not be separated. D-O 13 is not reflected by Quercus,
but well by the AP curve (Fig. 5).

Cold D-O stadials are reflected by an increase in NAP, mainly by Chenopodiaceae and
partly by Artemisia. The xerophytic biomes indicate arid conditions in Northern Anatolia.
Cold winters during the D-O stadials are suggested from maxima in IRD records (Fig. 5). The
fact that NAP percentage maxima correspond to IRD maxima (Fig. 5) raises the question of
whether pollen could be physically transported by ice, changing pollen spectra. However,
absence of close correlations between IRD and pollen concentrations (Fig. 5) does not support
this hypothesis. Therefore, NAP and IRD maxima are likely caused by the same trigger,
namely low winter temperatures.

The most pronounced D-O interstadials 14 and 12 provide the unique function of
correlating vegetation and Black Sea surface records from 25-GC1 to temperature increase,
indicated by the NGRIP oxygen isotope record (Fig. 5). The pollen record demonstrates
synchronous increase of oak and temperate biome percentages with an increase in dinocyst
concentration together with the onset of warm conditions. However, oak percentages reach

their maxima ~500 yr later than the start of warming, indicating vegetation development
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during this interval as a response to increased temperature/precipitation. Similar trends are
documented by pollen records from the western Mediterranean region (Roucoux et al., 2005).
For Northern Anatolia, in the So-1 8*3C time series, the negative shifts of 1-3% indicate a
transition into interglacial occurring within 252487 years, slower than 121+99 and 62+14
years in the So-1 §'0 record and NGRIP, respectively (Fleitmann et al., 2009). Based on
these data, the authors suggest “that the ecosystem reached a kind of equilibrium with climate
within ~250 years” (Fleitmann et al., 2009). These lags can possibly be explained considering
ice sheet-atmospheric circulation dynamic. Although reasons for the D-O interstadial are still
unknown, climate warming, indicated by 'O isotope record from Greenland ice-cores
(Dansgaard et al., 1993; Grootes et al., 1993), imply ice-sheet melting and reorganisation of
atmospheric circulation such as northward migration of the summer position of the westerlies.
These processes were triggered by high temperatures at the beginning of the interglacial and
apparently continued several hundred years, causing “lags” in terrestrial responses.

In accordance to "°C and 'O isotope records from Sofular Cave (Fleitmann et al.,
2009), the multi-proxy records from sediment core 25-GC1 demonstrate that HEs and D-O
stadials were similarly severe (Fig. 5). Moreover, the most severe cooling is suggested from
pollen record 25-GC1 after D-O 8, when AP reach the lowest values of ~6% and spectra are

dominated by xerophytic Artemisia and Chenopodiaceae (Fig. 3).

[ freshw. algae + Pediastrum /cub cm

1]
©
<
K
= 0
S = @
c =] £ o
n? S 8 = 2
o2 = 3 £ 2
L5 = 9 8 K2
@ - -
T 8¢ £ g o S & g
5 o g S 3 o L = 2 2
o o Q 3 =4 = S 2
2 L0 o 3 3 < 3 3
EL ET S O £ o %]
%) ©T = ¢ s Q © ] ! (
2 88 T 5 - c i 2 8 O
3] TOBE & 5 ¢ 5 )] S IS4 @ 2
Sn £8TE @ (SR = B 8] - @
o2 aEZ2o>90 o = = o © O ]
asE < SERS ® 5 o 8 2 < o) 3 =
<O Z 22380 o X o 2 T O O] © ©
ST S M T S — 1 il lalal 1| 1 L 1l 1 1 1 1 1 1 1 11 1 1l 1 1 1 1 1l 1 1

“'F marine indicators+dinocysts / cub cm

- vrvvv.“vr"-.
©® ~Nou IS

k
5

B
=
FrT

Y 'v“v'v‘jW-'v*v v
566 & & K Bbe

{ LI L s e s s O B L L L | L L ) B B L T T T ™1 TT T T
20 40 60 80 100 20 40 60 80 100 4 8 121620 6000 12000 100 200 300 100 200 300 500 250 5 20 35 -43.0 -40.0-6.0 9.0 -120 -13.0-12.0-11.0

Fig. 5. Summary plot for the Black Sea vegetation and sea-surface records in comparison 83C
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Long-term patterns in Black Sea surface conditions during 64-25 ka BP

Generally, the dinocyst record reveals freshwater/brackish conditions with a salinity of
~0-12%0 in the Black Sea during the last glacial, indicated by dominance of Pyxidinopsis
psilata, occurring in the Baltic Sea (Yu and Berglund, 2007), and Spiniferites cruciformis,
known from the Caspian Sea (Marret et al., 2004) and modern freshwater lakes in Greece
(Kouli et al., 2001) and Turkey (Leroy and Albay, 2010). During the glacial periods, the
global sea-level decreased, breaking the Mediterranean inflow through Bosporus. This change
in the hydrological balance of the Black Sea led to a freshening of the water body (Ross et al.,
1978; Neprochnov, 1980; Svitoch, 2008). Freshwater/brackish conditions were reconstructed
for the end of the last glacial (e.g. Wall et al., 1973; Mudie et al., 2004; Atanassova, 2005;
Bahr et al., 2006; Buynevich et al., 2011; Filipova-Marinova et al., 2012) and at the end of the
penultimate glacial (Shumilovskikh et al., in review).

The appearance of tropical/subtropical species Tuberculodinium vancampoae, and fully
marine indicators Spiniferites pachydermis, Bitectatodinium tepikiense, Tectatodinium
pellitum during the glacial brackish phase of the Black Sea (Fig. 4) is a striking feature of the
record. These species entered the Black Sea basin during the Mediterranean transgression at
the beginning of the Eemian and were abundant between 126.5-121 ka BP, indicating
subtropical temperatures and sea-surface salinity at ~28-30 %o (Shumilovskikh et al., in
review). During 121-119 ka BP, the occurrence of these species in spectra decrease,
indicating cooling and freshening. There are no records of surface conditions of the Black Sea
between 119 and 64 ka BP, making multiple entries of the species possible. The occurrence of
subtropical and fully marine species during 64-25 ka BP prompt a new question, namely
whether Mediterranean water could enter the Black Sea during the last glacial, making new
dinoflagellate invasions possible, or if these dinoflagellates are remains that had survived
since the last interglacial. In any case, presence of these species during the
freshwater/brackish phase of the Black Sea is interesting in two respects. On the one hand,
they suggest SSS in the Black Sea at the maximum limit of Pyxidinopsis psitata, possibly 12-
15%o. On the other hand, it could indicate a broader tolerance of these species than it is
suggested by modern distribution maps (Marret and Zonneveld, 2004).

Concentrations of marine species and freshwater algae show opposite trends in the core.
Concentrations of marine dinocysts and acritarchs (Cymatiosphaera and Micrhystridium)
decrease from 30-100 at the bottom to 6-30 cyst/cm? at the top of the core, whereas freshwater
algae occur more often and concentrations of the obligate freshwater genus Pediastrum

increase to the top of the core (Fig. 4, 5). Such tendencies strongly suggest a decrease in SSS
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of the Black Sea towards 25 ka BP, indicating that freshening of the Black Sea was a

continuous process during the last glacial.

The Black Sea surface conditions and abrupt climate changes during the last glacial

In core 25-GC1, high concentrations of freshwater/brackish dinocysts Pyxidinopsis
psilata and Spiniferites cruciformis correlate well to the high CaCO3 concentrations (Fig. 5),
implying enhanced productivity during warm D-O interstadials. The enhanced primary
productivity in western Mediterranean Sea during the D-O interstadials was documented by
geochemical proxies (Moreno et al., 2004). Increases in dinocyst accumulation rates during
D-O interstadials were already documented for Santa Barbara Basin in southern California
(Pospelova et al., 2006) demonstrating sensitivity of dinocysts to the temperature increase.
Authigenic calcium carbonate precipitation occurs as a product of phytoplankton blooms
during warm periods through CO, depletion and pH-increase in lakes (Bahr et al., 2005).
Dinocyst concentrations increase during each individual warm interval, including D-O 4 and
3, which are not indicated by Ca carbonates. They furthermore do not show interruptions
between D-O 14 and 13 like CaCOg3 (Fig. 5), indicating a different sensitivity of calcium
carbonate precipitation and dinocyst concentration records to temperature. 20 record from
ice-core GICCO5 shows relatively high Greenland temperatures between D-O 14 and 13. If
the same was true for the Black Sea region, dinocysts show a lower temperature threshold
level than Ca carbonates, which are a more sensitive record of temperature decrease
(Shumilovskikh et al., 2012).

Freshwater algae and marine dinocysts do not show clear correlation to D-O events.
Moreover, their maxima tend to occur in opposite modes and rarely occur at the same time
through the record (Fig. 5).

Conclusions

1. Multi-proxy records from the marine core 25-GC1 demonstrate that the Black
Sea/Northern Anatolian region is a highly sensitive area for millennial scale climate
variability.

2. D-0 interstadials are characterised by spreading of temperate forests, clearly reflected
by high values of Quercus, and by enhanced primary productivity, indicated by increased
concentrations of dinocyst and calcium carbonates.

3. The maximum of Quercus in the most pronounced interstadials 14 and 12 occurs

~500 years later from the onset of warming.
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4. D-O stadials are characterized by low primary productivity in the Black Sea and
spread of xerophytic vegetation in Northern Anatolia, indicating cold climatic conditions. The
impact of cold HEs and D-O stadials are similar.

5. Long-term vegetation changes during 64-25 ka BP and the IRD record suggest a
decrease in temperatures towards MIS 2, indicated by the decreasing role of Quercus and
increasing role of Pinus, correlating with an increase in IRD concentrations. Therefore, the
end of MIS 4 was apparently more arid than the beginning of MIS 2.

6. The increase in concentrations of freshwater algae and decrease in concentrations of
marine dinocysts and acritarchs suggest a lowering of the Black Sea surface salinity towards
MIS 2.
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Abstract

The present study presents the preliminary results of the ongoing palynological study on
surface samples from Northern Anatolia and the Black Sea. It shows that pollen distribution in
three transects across the Pontic Mountains reflects vegetation patterns of the area, which are
controlled by climate and topography. The comparison of the top sample from the Black Sea
with surface samples on land suggest the nearest coastal areas and northern slopes of the

Pontic Mountains as the main pollen source area for the marine core 22-GC3.

Key words: modern surface samples, pollen source area, Turkey
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Introduction

The offshore core 22-GC3 from Southern Black Sea was used for the reconstruction of
vegetation and climate changes in Northern Anatolia (Turkey) during the Eemian, last glacial
and the Holocene period (Shumilovskikh et al., 2012; Shumilovskikh et al., submitted). Based
on an analysis of the literature (Stanley, 1965; Cross et al., 1966; Groot, 1966; Groot and
Groot, 1966; Koreneva, 1966; Traverse and Ginsburg, 1966; Zagwijn and Veenstra, 1966;
Shatilova, 1974; Hooghiemstra et al., 2006), the authors assumed the adjacent region, namely
Northern Anatolia, as the main pollen source area. As the core 22-GC3 is located 70-80 km
from the coast, it remained unclear which part of Northern Anatolia contributed the most
pollen to the core site. In order to define the pollen source area for the core 22-GC3 more
exactly, we study surface samples from Northern Anatolia (Fig. 1) and compare them with the
top sample of the core 22-GC3. Here we present preliminary results of the study.
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Fig. 1. Map of Northern Anatolia displaying the locations of core 22-GC3, as well as five
transects where surface samples were taken in 2011 and 2012, including transects I, 11 and 111
for which preliminary results are presented here.

Geographical setting

The moist northern and western slopes of the Pontic mountains up to ~800 m above sea
level (asl) are covered by euxinian mixed forests with cool (Carpinus betulus, Fagus
orientalis, deciduous Quercus, Corylus, Tilia) and warm (Castanea sativa, Carpinus
orientalis, Ostrya carpinifolia) temperate deciduous trees, evergreen shrubs (Rhododendron
ponticum, Prunus laurocerasus, Buxus sempervierens, llex colchica) and lianas (Hedera,

Smilax, Tamus, Vitis, Periploca). Characteristic species of the Mediterranean macchia, such
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as Laurus nobilis, Arbutus andrachne, Erica arborea, Phillyrea latifolia, Quercus coccifera,
grow in dry habitats along the Black Sea coast (Zohary, 1973; Mayer and Aksoy, 1986). At
elevations of ~800-1500 m asl, beech (Fagus orientalis) and hornbeam-beech (Carpinus
betulus—Fagus orientalis) forests predominate, whereas areas at altitudes above ~1500 m are
occupied by firs (Abies nordmanniana) in western and spruce (Picea orientalis) in the eastern
Pontic Mountains. The subalpine and alpine belt above ~2000 m asl is dominated by
grasslands with Juniperus communis. The south-east mountain slopes facing the Anatolian
Plateau are covered by drier vegetation types, including open woodlands dominated by
junipers (Juniperus excelsa, J. oxycedrus) and deciduous oaks (Quercus pubescens, Q.
trojana), growing at the border between forest and steppe. In contrast, pines (Pinus nigra, P.
sylvestris) together with Betula and Populus form the high-altitude forest line at ~2000 m.
Above this elevation and in the dry central regions of Anatolia, thorny shrubs such as

Astracanthus, Acantholimon, Sarcopoterium are characteristic.

alpine meadows
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Fig. 2. Vegetation distribution of the Pontic Mountains.

Material and methods

Collection of surface samples was organized in five main transects from the Black Sea
coast across the Pontic Mountains towards the inner part of Anatolia (Fig. 1). A total of about
165 surface samples were collected during two field trips in Northern Anatolia in 2011(90
samples) and 2012 (75 samples) (Table 1). Every surface sample (mosses, litter, soil) consists
of several sub-samples collected in sampling areas of a few to a hundred square meters

(Herzschuh et al., 2005; Hicks, 2007). In order to homogenize the material, each sample was
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oven-dried at 40°C for one night, crushed and mixed. Laboratory treatment included HCI
(10%), sieving through a metallic sieve with a mesh size of 150 um, HF (70% during two
nights), acetolysis (3 minutes), and sieving through a nylon sieve (1-2 um). 31 samples from
2011 (Table 1) covering three transects (Fig. 1) were selected for the preliminary study.
Palynological analyses were carried out under 400x magnification. A minimum of 300-350
identified pollen grains were counted in each sample and used for the calculation of
percentages. The diagram (Figs. 3) was constructed using the software C2 (version 1.6.6)
(Juggins, 2003).

Table 1. Description of surface samples, collected in Northern Anatolia in 2011 and 2012.
Highlighted samples indicate those discussed in this study.

Sample Latitude Longitude Altitude, m Vegetation

2011_19 41.22 36.73 -4 Populus-Rubus floodplain

2011 20 41.23 36.72 6 Corylus plantation

2011 21 41.22 36.72 6 Zea mays plantation

2011 22a 41.14 37.19 12 Alnus-Fraxinus floodplain forest

2011 23 41.10 37.23 102 Carpinus-Fagus-Castanea forest

2011 24 41.04 37.22 376 Castanea-Fagus forest

2011 25 41.00 37.17 491 Fagus-Castanea forest

2011 26 40.91 37.08 1076 Fagus-Carpinus forest

2011_33 40.88 37.05 1094 Rhododendron luteum pasture

2011_34 40.85 37.01 1310 Fagus forest

2011_36 40.81 37.01 1278 Fagus forest

2011_37 40.78 37.04 1408 Fagus forest

2011_39 40.72 37.04 1082 Quercus-Pinus sylvestris forest

2011 40 40.71 37.01 989 Pinus sylvestris forest

2011 42 40.68 37.00 1153 Pinus sylvestris forest with Fagus scrub

2011 43 40.71 37.02 954 Quercus-Carpinus orientalis forest

2011 44 40.59 37.00 713 Quercus dec.-Quercus coccifera-Juniperus
oxycedrus forest

2011 48 40.52 37.12 1403 Fagus orientalis-Taxus baccata forest

2011 49.1  40.42 37.09 729 Ceder libani forest (under trees)

2011 49.2  40.42 37.09 729 Ceder libani forest (between trees)

2011 50 40.41 36.68 719 Quercus dec.-Carpinus orientalis forest

2011_51 40.05 36.56 1239 Quercus pubescens-Juniperus oxycedrus/excelsa

2011 53.1  39.94 36.53 1586 Poaceae-thorn shrubs (on slope)

2011 53.2  39.94 36.53 1586 Poaceae-thorn shrubs (on stone)

2011_54 39.79 36.74 1392 Thorn shrub/ pasture

2011_56 39.80 37.13 1427 Steppe on gypsum

2011 57 39.89 37.40 1432 Steppe on gypsum

2011 58.1  39.89 38.01 1642 Juniperus excelsa forest (on stone)

2011 58.2  39.89 38.01 1642 Juniperus excelsa forest (on slope between junipers)

2011 58.3  39.89 38.01 1642 Juniperus excelsa forest (on slope under junipers)
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2011 60

2011 61
2011_62
2011 63
2011 65
2011 66
2011 67
2011 69
2011 70
2011 71.1
2011 _71.2
2011 _71.3
2011 72
2011 75
2011 76
2011 78
2011 84
2011 85
2011 86
2011 87
2011 88

2011 90
2011 91
2011 92
2011 93
2011_94
2011 95
2011 96
2011 97.1

2011 97.2
2011 98
2011_99
2011100
2011_101
2011 104.1
2011_104.2
2011 105.1
2011_105.2
2011 108
2011_109
2011 112
2011_113
2011_115
2011_116
2011_118

39.93

39.65
39.57
39.76
39.99
40.04
40.04
40.21
40.32
40.48
40.48
40.48
40.50
40.38
40.59
40.60
40.58
40.65
40.68
40.59
40.61

40.62
40.68
40.71
40.75
40.78
40.82
40.97
40.87

40.87
40.80
40.73
40.71
40.66
40.61
40.61
40.58
40.58
40.53
40.49
40.53
40.56
40.65
40.74
40.81

38.53

39.79
40.16
40.45
40.56
40.51
40.49
40.27
40.23
40.26
40.26
40.26
40.25
39.73
39.32
39.34
40.23
40.21
40.23
40.31
40.30

40.30
40.25
40.23
40.25
40.25
40.27
40.37
40.46

40.46
40.54
40.60
40.65
40.72
40.85
40.85
40.85
40.85
40.92
40.92
41.04
41.08
41.22
41.47
41.58

1636

1302
1416
1568
1822
2416
2276
1664
1579
1807
1807
1807
2054
1621
1261
1340
1279
807

617

1797
1619

1237
592
373
273
230
142
24
155

155
407
933
1433
2066
2351
2351
2212
2212
1811
1493
1223
1016
861
729
537

Quercus-Pinus sylvestris-Juniperus
oxycedrus/communis forest
Astracanthus-steppe

Astracanthus-Prunus forest steppe
Artemisia-Astracanthus steppe
Poaceae-Acantholimon steppe

alpine meadow

alpine meadow

Artemisia-Poaceae-thorn shrub-steppe
Poaceae steppe

Thorn shrub-steppe (on stone)

Thorn shrub-steppe (on stone)

Thorn shrub-steppe (on slope)

Alpine meadow
Quercus-Juniperus-Pinus-Corylus forest
Pinus sylvestris-Quercus forest

Picea forest

Picea orientalis-Corylus forest

Picea mixed forest
Fagus-Castanea-Picea-Carpinus betulus forest
Picea-Fagus-Rhododendron luteum forest

Picea-Fagus orientalis-Rhododendron ponticum
forest
Picea-Fagus orientalis forest

mixed forest
mixed forest
mixed forest
mixed forest
mixed forest
Camellia sinensis plantation

Fagus-Castanea forest between Camellia sinensis
plantations
under Camellia sinensis shrubs

mixed forest

mixed forest under Camellia sinensis shrubs
Picea forest

alpine meadow

alpine meadow

alpine meadow

Astracanthus meadow (on stone)
Astracanthus meadow (on slope)

Quercus forest-steppe

Quercus-Amygdalis forest-steppe

floodplain (on rock)

Artemisia-Juniperus forest steppe
Paliurius-Juniperus oxycedrus forest-steppe
Paliurius-Juniperus oxycedrus forest-steppe
Ephedra-Paliurius
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2011 119 40.99 41.77 340 Juniperus

2011 121 41.10 41.83 239 Olea plantation

2011 122 41.15 41.93 260 Quercus-Juniperus forest-steppe
2011 124 41.20 42.52 2429 alpine meadow

2011 125 41.22 42.47 2281 alpine meadow

2011 126 41.23 42.47 2195 Pinus forest

2011 127 41.22 42.46 2007 Abies forest

2011 128 41.23 42.44 1688 Picea-Abies-Pinus forest
2011_132 41.25 42.33 1033 Picea forest

2011 133 41.26 42.29 805 Carpinus-Quercus forest

2011 134 41.26 42.15 603 Quercus forest-steppe

2011 137 41.22 41.79 257 Arbutus andrachne-Quercus-Cistus
2011 140 41.37 41.64 217 Carpinus-Alnus-Corylus forest
2011 141 41.38 41.60 250 Castanea-Corylus-Alnus forest
2011_143 41.39 41.50 368 mixed forest

2012_135.1 40.59 31.28 1441 Juniperus-Poaceae pasture
2012_136 40.60 31.27 1426 Fagus forest

2012_137 40.60 31.29 1379 Abies forest

2012_138 40.76 31.04 123 floodplain

2012 140 41.10 31.21 16 Submediterranean open forest
2012_141 41.10 31.21 24 Corylus plantation

2012 142 41.10 31.22 2 Black Sea coast

2012 144 41.09 31.27 24 Pterocarya-Alnus floodplain forest
2012_145 41.15 31.35 48 Laurus-Quercus forest

2012_146 41.34 31.53 342 Pinus pinaster forest

2012 149.1 41.47 32.03 77 Pistacia pasture

2012_150 41.45 31.99 254 Carpinus betulus mixed forest
2012 _151.1 41.45 31.99 152 floodplain forest

2012_151.2 41.45 31.99 152 floodplain forest

2012 156 40.86 32.08 860 Pinus nigra forest

2012 163 41.11 31.40 136 Mischwald between Corylus plantations
2012 165 41.07 31.44 200 Fagus mixed forest

2012 166 41.06 31.45 170 Phillyrea latifolia open forest
2012_167 41.01 31.40 395 Fagus forest

2012 169 41.00 31.42 533 Pinus sylvestris-Fagus forest

2012 170 40.91 31.35 615 Fagus-Rhododendron ponticum forest
2012_171 40.68 31.46 904 Fagus-Abies forest

2012 172 40.64 31.34 1064 Abies-Fagus forest

2012_173 40.58 31.27 1233 Quercus-Pinus-Juniperus forest
2012 175 40.46 31.28 1186 Quercus dec.-Pinus nigra forest
2012 176 40.44 31.30 1234 Pinus nigra-Astragalus forest
2012 177 40.43 31.24 1396 Pinus-Corylus forest

2012_179 40.34 31.29 876 Quercus open forest

2012 180.1 40.16 31.35 612 Juniperus excelsa-Genista shrubland
2012 181 40.11 31.42 496 Artemisia-Genista steppe

2012 182 40.05 31.40 568 Juniperus excelsa-Paliurius forest
2012 183 39.95 31.39 1287 Juniperus-Quercus-Pinus forest
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2012_184
2012_185
2012_186.1
2012_188
2012_189
2012_190.1
2012 191
2012_193
2012 194
2012_196
2012_197
2012_200
2012 201
2012_202
2012_204
2012_205
2012_207
2012_208
2012209
2012_210
2012 211
2012 212
2012 213
2012 214
2012 215
2012 218
2012 219
2012_220
2012 221
2012 222
2012 223
2012 224
2012 226
2012227
2012 228
2012 231
2012_236
2012 237
2012_238
2012239
2012_240
2012 241
2012_246

39.91
39.76
39.58
39.80
39.84
39.87
39.96
40.02
40.14
40.31
40.61
40.74
40.89
41.02
41.97
41.81
41.71
41.63
41.64
41.59
41.36
41.25
41.21
41.19
41.18
40.42
40.42
40.42
40.42
40.42
40.42
40.43
40.79
40.79
40.79
40.77
41.84
41.86
41.96
42.01
41.69
41.63
41.67

31.43
31.48
31.58
34.81
34.73
34.72
34.69
34.63
34.57
34.80
34.93
34.91
34.86
34.71
35.09
35.04
34.92
34.87
34.90
34.85
34.83
34.64
34.63
34.60
34.56
37.09
37.09
37.09
37.09
37.09
37.09
37.09
36.57
36.57
36.57
36.54
35.15
35.11
34.81
34.95
35.31
36.11
36.03

1585
800
1161
1543
1232
1254
1251
1191
970
1122
925
786
453
716
30
273
771
1363
1237
796
457
1179
1414
1492
1000
711
701
725
734
717
699
576
1235
1237
1237
759

136

81
317

Pinus nigra forest

Poaceae steppe

Astragalus-Juniperus oxycedrus shrubland
Pinus nigra forest

Astragalus-Poaceae steppe
Quercus-Astracanthus open forest
Quercus-Poaceae open forest

Quercus forest

Poaceae-Artemisia steppe

Quercus dec. forest
Poaceae-Artemisia-Astracanthus shrubland
Quercus dec.-Carpinus orientalis forest
Paliurius pasture

Pinus brutia forest

mixed forest between crop fields
Submediterranean open forest

Quercus dec. mixed forest

Poaceae meadow

Fagus forest

Quercus-Juniperus open forest
Quercus-Juniperus open forest

Fagus forest

Abies-Pinus-Fagus forest

Pinus-Juniperus communis pasture
Quercus-Juniperus open forest

near Ceder libani forest (on stone)

near Ceder libani forest (on slope)

Ceder libani forest

Quercus forest near Ceder libani forest
open Ceder libani forest

near Ceder libani forest

500 m from Ceder libani forest
Ceder-Quercus forest

50 m from Ceder libani forest

Fagus forest

Pinus brutia-Arbutus andrachne open forest
Submediterranean vegetation on Black Sea coast
Laurus-Quercus-Carpinus orientalis forest
Pinus-Myrtus communis forest
Fagus-Quercus-Carpinus betulus forest pasture
Pinus nigra-Cotinus coggygria forest
Coast and dune vegetation

Salt marsh
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Description of the results

The pollen diagram of the surface samples from Northern Anatolia (Fig. 3) is organized
by three studied transects I-11l (Fig. 1). The samples within each transect are ordered by the
distance from the Black Sea with the upper sample the closest to the sea.

The pollen spectra of transect | are dominated by Pinus diploxylon-type. The closest
samples to the sea, 24, 25 and 36, collected at 350-1300 m above sea-level (asl) show 76-93%
arboreal pollen (AP) with Fagus, Corylus, Carpinus betulus, Alnus, Ulmus/Zelkova,
Castanea, Tilia. Non-arboreal pollen (NAP) consists mainly of Xanthum spinosum-type and
Chenopodiaceae. The pollen spectra of the next four samples further inland (43, 49.1, 50, and
51) from altitudes 700-1000 m are dominated by Pinus diploxylon-type, Quercus robur-type
and Ostrya-type. The two samples 53.2 and 57 (1400-1600 m asl) next to the steppe are
characterized by high NAP values (28-53%), dominated by Artemisia and Poaceae.
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Fig. 3. Pollen spectra of surface samples with the main pollen taxa from transects I, 11 and 111
(Fig. 1) in Northern Anatolia, discussed in the text.

The three samples closest to Black Sea (96, 95, and 93) from transect Il (24 to 617 m
asl), are dominated by Alnus, Corylus, Ulmus/Zelkova, Carpinus betulus and Picea. NAP is
presented by Xanthum spinosum-type and Chenopodiaceae as well. Samples 86, 85 and 84
(800-1300 m) are dominated by Picea and Corylus. In the samples 72, 71.3, 69 and 65,
collected further from the Black Sea, from 1600-2100 m, NAP increases again to 45-73%.
The main NAP taxa are Poaceae, Artemisia, Matricaria-type, Cerealia-type and Plantago
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lanceolata-type, whereas AP are represented by Pinus diploxylon-type and Quercus robur-
type. The last sample 62 (1416 m) is dominated by Quercus robur-type.

The pollen spectra of transect Ill are dominated by Pinus diploxylon-type (18-61%).
The closest samples to the Black Sea, 143 and 140 (250-400 m), are dominated by Alnus,
Carpinus betulus, Ostrya-type, Corylus with Castanea, Fagus, Tilia, Ulmus/Zelkova and
Hedera helix. NAP is presented by Xanthum spinosum-type, Poaceae and Chenopodiaceae.
The next samples, 137, 122, 134, 133, and 132 (250-1000 m), are dominated by Ostrya-type,
Quercus robur-type, Carpinus betulus, Juniperus, Picea and Abies. In the samples 127, 126
and 124 (2000-2400 m), the role of NAP increases with altitude up to 36%, mainly consisting
of Poaceae and Plantago lanceolata-type. The AP is presented by conifer pollen Pinus
diploxylon-type, Picea and Abies.

The pollen spectrum of the top of core 22-GC3 is dominated by AP (64%) with highest
values of Pinus diploxylon-type (26%), Quercus robur-type (8.5%), Juniperus (8%), Alnus
(4.5%), Fagus (4%), Corylus (2.5%). NAP is presented mainly by Chenopodiaceae (12%),
Artemisia (6%), Poaceae (6%), and Xanthium spinosum-type (4%).

Plantago Cerealia-type Matricaria-type
lanceolata-type

Xanthium \ l

spinosum-type

Poaceae

Ostrya-type

Corylus
Carpinus betulus 4

Fig. 4. Pollen spectra of the top of core 22-GC3.

Interpretation and discussion

The palynological studies on 31 surface samples from Northern Anatolia, collected in
the year 2011, reveal considerable geographical differences in pollen spectra of the studied
transects. The pollen diagram (Fig. 3) and pollen maps (Fig. 5) demonstrate that higher Fagus

173



Manuscript 5

percentages are characteristic for transect I, where the mountains are not higher than 1500 m
and modern vegetation dominated by oriental beech forests, where firs or spruces do not grow
(Zohary, 1973; Mayer and Aksoy, 1986). Picea show high values near the Black Sea in
transects Il and 111 (Figs. 3 and 5), within the distribution area of Picea orientalis (Mayer and
Aksoy, 1986). Further south, in dryer and more continental regions of Anatolia, Quercus
robur and Pinus diploxylon-type dominate in all three transects. In the dry forest-steppe and
steppe central regions, Poaceae and Artemisia are typical (Figs. 3 and 5). Thus, open
vegetation occurs at altitudes higher than 1500 m. Xanthium spinosum-type and
Chenopodiaceae occur more often in coastal areas (Figs. 3 and 5), and possibly stem from salt
marshes on the Black Sea coast. Pinus diploxylon-type is a dominant taxa in transects | and
Il.

; & SR T | s
€ I g
c® :

‘e ©
nus

,gl;\enopog;liécea,e :

Fig. 5. Pollen maps for selected taxa. The size of the circle represents the %.

Pollen spectra of the top core (Fig. 4) is more similar to pollen spectra from the nearest
transect | than to eastern transects Il and Ill, where Picea plays a big role in pollen spectra
(Fig. 5). Comparing surface samples from the core 22-GC3 with surface samples from land,
we conclude that the main pollen source area for the core include the coastal areas and
northern slopes of the Pontic Mountains near transect I. This conclusion is similar to the
results of a study by Shatilova (1974), who analyzed pollen-spore distribution in the modern

174



Manuscript 5

sediments of a 120 km off-shore zone along the Georgian Black Sea coast. She demonstrated
that pollen complexes of modern marine sediments from the north and south Colchid
Lowlands are very similar and reflect very well the general character of flora and the main
vegetation types like wet Alnus dominated forest, mixed deciduous forests, Fagus forests and

coniferous Picea-Abies forests.
Conclusions and perspectives

Preliminary results of the palynological study on surface samples from Northern
Anatolia reveal that pollen distribution reflects vegetation patterns of the area, which are
controlled by climate and topography. The comparison of the top sample from the Black Sea
core 22-GC3 with surface samples on land suggests the nearest coastal areas and northern
slopes of the Pontic Mountains as the main pollen source area.

The further course of this investigation will include in the analysis of further samples in
each transect up to a total of 20, as well as studying the two additional western transects. In
order to define the main source area for core 22-GC3, pollen spectra of surface samples and
the top core will be analysed by using multivariate statistics such as a principal component
analysis. Combining pollen data from surface samples with climate data will provide the best
opportunity to use the transfer functions based on modern analogues for the reconstruction of
climate parameters such as annual temperature and precipitation for pollen record 22-GC3

during the Eemian, the Holocene and the last glacial period.

Acknowledgments

We thank Laura Sutcliffe for polishing the English. The field work of the first author
was financially supported by Deutsche Forschungsgemeinschaft (DFG) within the SPP 1266
“INTERDYNAMIC”.

References

Cross, A.T., Thompson, G.G., Zaitzeff, J.B., 1966. Source and distribution of palynomorphs
in bottom sediments, southern part of Gulf of California. Marine Geology 4, 467-524.

Groot, J.J., 1966. Some observations on pollen grains in suspension in the estuary of the
Delaware river. Marine Geology 4, 409-416.

Groot, J.J., Groot, C.R., 1966. Marine palynology: possibilities, limitations, problems. Marine
Geology 4, 387-395.

175



Manuscript 5

Herzschuh, U., Kiirschner, H., Battarbee, R., Holmes, J., 2005. Desert plant pollen production
and a 160-year record of vegetation and climate change on the Alashan Plateau, NW
China. Vegetation History and Archaeobotany 15, 181-190.

Hicks, S., 2007. Surface Samples and Trapping. In: Editor-in-Chief: Scott A. Elias (ed).
Encyclopedia of Quaternary Science. Elsevier, Oxford, pp. 2529-2535.

Hooghiemstra, H., Lézine, A.-M., Leroy, S.A.G., Dupont, L., Marret, F., 2006. Late
Quaternary palynology in marine sediments: A synthesis of the understanding of
pollen distribution patterns in the NW African setting. Quaternary International 148,
29-44.

Juggins, S., 2003. C2 User Guide. Software for Ecological and Palaeoecological Data
Analysis and Visualisation. University of Newcastle, Newcastle upon Tyne.

Koreneva, E.V., 1966. Marine palynological researches in the U.S.S.R. Marine Geology 4,
565-574.

Mayer, H., Aksoy, H., 1986. Walder der Tiirkei. Gustav Fischer Verlag, Stuttgart-New York
(in German).

Shatilova, 1.1., 1974. Palinologicheskoe obosnovanie geokhronologii verhnego Pliotsena i
Pleistotsena zapadnoy Gruzii. Metsniereba, Thilisi.

Shumilovskikh, L.S., Tarasov, P., Arz, H.W., Fleitmann, D., Marret, F., Nowaczyk, N.,
Plessen, B., Schliitz, F., Behling, H., 2012. Vegetation and environmental dynamics in
the southern Black Sea region since 18 kyr BP from the marine core 22GC3.
Palaeogeography, Palaeoclimatology, Palaeoecology 337-338, 177-193.

Shumilovskikh, L.S., Arz, H.W., Fleitmann, D., Marret, F., Nowaczyk, N., Tarasov, P.,
Wegwerth, A., Behling, H., submitted. VVegetation and environmental changes in
Northern Anatolia during the penultimate deglaciation and Eemian recorded in the
Black Sea sediments. Quaternary Research, submitted.

Stanley, E.A., 1965. Abundance of pollen and spores in marine sediments off the eastern coast
of the United States. Southeastern Geology 7, 25-33.

Traverse, A., Ginsburg, R.N., 1966. Palynology of the surface sediments of Great Bahama
bank, as related to water movement and sedimentation. Marine Geology 4, 417-459.

Zagwijn, W.H., Veenstra, H.J., 1966. A pollen-analytical study of cores from the outer silver
pit, North Sea. Marine Geology 4, 539-551.

Zohary, M., 1973. Geobotanical foundations of the Middle East. Fischer, Stuttgart,

Amsterdam.

176



Synthesis

SYNTHESIS

The multidisciplinary project “Dynamics of Mid-latitude/Mediterranean climate in
Northern Anatolia/Black Sea region during the last 150 kyr” was established in order to
improve understanding of environmental and climatic dynamics in the Eastern Mediterranean
region during the last 134 ka BP (kilo years before present; ages are presented as calendar
years). The present thesis shows the results of palynological studies as part of this wider
project, carried out on marine cores 22-GC3, 22-GC8 and 25-GC5 from the Black Sea.

Vegetation changes in Northern Anatolia during the last 134 ka BP

Preliminary results of the palynological study on surface samples from Northern
Anatolia reveal that pollen distribution reflects contemporary vegetation patterns of the area,
which are controlled by climate and topography. The comparison of the top sample from the
Black Sea core 22-GC3 with surface samples from Northern Anatolia suggests that the nearest
coastal areas and northern slopes of the Pontic Mountains is the main pollen source area for
the studied marine cores. Therefore, reconstructions of vegetation and climate changes in
Northern Anatolia during the last 134 ka BP, obtained from pollen records 22-GC3, 22-GC8
and 25-GC5, correspond to this area.

Vegetation changes in Northern Anatolia during 134-119 ka BP are reconstructed based
on pollen records 22-GC3 and 22-GC8. The dominance of open steppe landscapes with pine
stands indicates a rather arid climate during 134-131.7 ka BP. During the period of the melt-
water signal (131.7-130.4 ka BP), indicated by a depleted ostracod-based &'%0 record of core
22-GC8, the spreading of steppe vegetation suggests more arid conditions than the previous
period. Since ~130.5 ka BP, the spread of oaks in Northern Anatolia indicates warmer/wetter
conditions. The onset of the Eemian interglacial period is indicated by the increase of arboreal
pollen at ~128.7 ka BP. The Eemian vegetation succession occurs in four phases,
corresponding to the main climatic phases in Europe: i) the Quercus-Juniperus phase (128.7-
126.4 ka BP) indicates a dry continental climate; ii) the Ostrya-Corylus-Quercus-Carpinus
phase (126.4-122.9 ka BP) suggests warm summers, mild winters, and high year-round
precipitation; iii) the Fagus-Carpinus phase (122.9-119.5 ka BP) indicates cooling and high
precipitation; iv) increasing Pinus at ~121-119.5 ka BP marks the onset of cooler/drier
conditions. Generally, pollen reconstructions suggest altitudinal/longitudinal migrations of
vegetation belts in Northern Anatolia during the Eemian caused by an increased transport of
moisture. In contrast with the European records, the pollen record from core 22-GC3/8 reveals

the wide distribution of Fagus in Northern Anatolia. This is possibly related to genetic
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factors, as Northern Anatolian beech forests are formed by Fagus orientalis and were wide
spread around the Black Sea during the last interglacial. Central European forests, however,
contain another (sub)species Fagus sylvatica, which was less competitive during the Eemian
and never dominant in Europe. Furthermore, the suggested increased transport of moisture
towards inner Anatolia led to longitudinal and altitudinal migrations and the wide distribution
of Fagus in Pontic Mountains.

Long-term vegetation changes during the last glacial (64-25 ka BP), obtained from
pollen record from core 25-GC1, suggest a decrease in temperatures towards 25 ka BP,
indicated by the decreasing role of Quercus and increasing role of Pinus. The presence of
temperate and Mediterranean species such as Fagus, Carpinus betulus, Ostrya, and Phillyrea
suggest the presence of glacial refugia of these trees in Northern Anatolia. A low contribution
of arboreal pollen between 64-60 ka BP suggests that this period was apparently more arid
than 27-25 ka BP. The pollen record 25-GC1 reflects a sensitive reaction of the vegetation of
Northern Anatolia to abrupt climate changes during alternating warm and cold intervals,
known from ice-core records as Dansgaard-Oeschger (D-O) events. D-O interstadials are
characterised by a spreading of temperate forests and especially of Quercus. Thereby, the
maximum of Quercus in the most pronounced interstadials 14 and 12 occurs ~500 years later
after the onset of warming. D-O stadials are characterized by a spread of xerophytic
vegetation in Northern Anatolia, indicating cold climatic conditions. The impact of cold
Heinrich events (HE) and D-O stadials on vegetation are similar.

The pollen record from core 22-GC3 was used for the reconstruction of vegetation
changes in Northern Anatolia during the last 18 ka. The presence of steppe suggests cold/dry
conditions during 18-14.7 ka BP. The Pinus-Quercus forest developments during 14.7-12.9 ka
BP suggest warmer/wetter environments. The Younger Dryas cool period (12.9-11.7 ka BP) is
reflected by the spread of steppe in Northern Anatolia. The onset of the Holocene interglacial
is indicated by forest development at ~11.7 ka BP. The Holocene vegetation development
reveals four main phases: i) the Artemisia-Quercus-Pinus phase (11.7-8.5 ka BP) suggests
relatively dry conditions; ii) the Pinus-Quercus-Fagus-Alnus-Corylus phase (8.5-5 ka BP)
indicates warm and wet conditions; iii) the Pinus-Quercus-Alnus-Corylus-Artemisia phase (5-
1.6 ka BP) reflects cooler/drier conditions and/or increased anthropogenic activity; iv) the
Pinus-Quercus-Alnus-Artemisia phase (1.6-0 ka BP) with Ostrya-type, Juglans, Platanus,
Plantago lanceolata marks an increased anthropogenic activity.

In general, the vegetation changes in Northern Anatolia during the last 134 ka correlate
well with European evidence and are explained by the global temperature changes and by
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changes in longitude of the westerlies. This suggests that the climate of the Atlantic region

governed the climatic situation in Northern Anatolia/Black Sea region during the last 134 ka.

Changes in sea-surface conditions of the Black Sea during the last 134 ka BP

The additional study on organic-walled dinoflagellate cysts (dinocysts) from the cores
22-GC3, 22-GC8 and 25-GC5 provided the possibility to reconstruct sea-surface conditions
during the last 134 ka BP. This dinocyst record from the Black Sea is the first for the Eemian.

The dinocyst records 22-GC3/8 were used for the reconstruction sea-surface conditions
during 134-119 ka BP. During 134-128 ka BP, dinocysts, presented by Pyxidinopsis psilata,
Spinifirites cruciformis and Caspidinium rugosum, indicates freshwater/brackish sea-surface
conditions in the Black Sea. Dinocysts together with ice-rafted detritus (IRD) records reveal
climatic instability during the penultimate deglaciation (134-130.4 ka BP), characterised by
alterations of short-lived cold and warm events. After ~130.4 ka BP, dinocyst concentration
increased, indicating enhanced primary productivity and warmer conditions. At ~128 ka BP,
freshwater/brackish ~ species changed to marine assemblages  (Lignulodinium
machaerophorum, Spiniferites pachydermus, S. mirabilis, Bitectatodinium tepikiense,
Tectatodinium pellitum, Nematosphaeropsis labyrinthus etc.). This change clearly reflects an
establishment of marine conditions in the Black Sea, which occurred through the increase in
the global sea-level and inflow of warm and saline Mediterranean water into the Black Sea
basin through the Bosphorus. The Eemian assemblages are characterised by the presence of
several fully marine species such as Spiniferites pachydermus, Spiniferites mirabilis,
Bitectatodinium tepikiense, Tectatodinium pellitum, Nematosphaeropsis labyrinthus,
indicating higher than present (~18) sea surface salinity (SSS) of ~28-30 at ~126.5-121 ka BP.
An elevated Mediterranean inflow triggered by a higher global sea-level and higher
temperatures at the beginning of the Eemian are likely to be the mechanism for such high
SSS. Between ~127.6-125.3 ka BP, dinocyst assemblages are dominated by Tuberculodinium
vancampoae and Spiniferites pachydermus and reveal relatively high sea-surface temperature
(SST) (7-12° in winter and 27-29° in summer) in the Black Sea, suggesting high temperatures
at the beginning of the Eemian. After 121 ka BP, decrease in fully marine and thermophilic
species suggest a reduction in SSS and SST of the Black Sea, possibly due to lower
Mediterranean inflow.

The dinocyst record 25-GC1 provides information about sea-surface conditions in the
Black Sea between 64-25 ka BP. The dinocyst assemblages are dominated by Pyxidinopsis

psilata and Spiniferites cruciformis, indicating freshwater/brackish conditions during the last
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glacial. The increase in concentrations of freshwater algae (Pediastrum, Botryococcus) and
decrease in concentrations of marine dinocysts (e.g. Lingulodinium machaerophorum,
Operculodinium centrocarpum) and acritarchs (e.g. Cymatiosphaera) suggest a lowering of
the Black Sea surface salinity towards MIS 2. D-O interstadials are characterised by increased
concentrations of freshwater/brackish dinocysts such as Pyxidinopsis psilata and Spiniferites
cruciformis, indicating enhanced primary productivity in the Black Sea. In contrast, D-O
stadials show low dinocyst concentrations indicative for reduced primary productivity.

Sea-surface conditions of the Black Sea during 18-0 ka BP were reconstructed based on
the dinocyst record 22-GC3. Between 18-14.7 ka BP, dinocysts, represented by Pyxidinopsis
psilata and Spiniferites cruciformis, were present at low concentrations, indicating reduced
primary productivity and low temperatures. At ~14.7-12.9 ka BP, an increase in dinocyst
concentrations reflects an increase in primary productivity of the Black Sea and warmer
conditions. The Younger Dryas cooling (12.9-11.7 ka BP) is characterised by low dinocyst
concentrations. The onset of the Holocene is indicated by the increase primary productivity at
~11.7 ka BP. At ~8.3 ka BP, freshwater/brackish assemblages disappear and marine species
such as Lingulodinium machaerophorum and Spiniferites ramosus-group enter and spread in
the Black Sea. The dinocyst record 22-GC3 demonstrates that SSS between 8.3-0 ka BP never
exceeded ~18-20, and reveal freshening of the sea-surface at ~2.5-3 ka BP. Changes in
nutrient supply, in addition to changes in SSS and SST, are likely to have played a significant
role in the successions of dinocyst assemblages during the Eemian and the Holocene.

In summary, the primary factors explaining changes in sea-surface conditions of the
Black Sea during the last 134 ka BP are the temperature, influencing the primary productivity,
and the global sea-level, the increase of which led to the Mediterranean inflow into the basin

through the Bosphorus and the change in the hydrology of the Black Sea.

Climatic conditions in Northern Anatolia/Black Sea region during the Eemian in

comparison to the Holocene

In general, pollen and dinocyst records obtained from the Black Sea cores 22-GC3, 22-
GC8 and 25-GC1 correlate well with northern hemispheric climatic evidence that the Eemian
was warmer than the Holocene. The Eemian forests in Northern Anatolia were dominated by
temperate and sub-Mediterranean species, suggesting rather warm summers and winters
without frost. In contrast, the Holocene vegetation was dominated by temperate species and
pine trees, reflecting generally cooler/drier conditions. The dominance of fully marine

dinocysts reveals higher SSS in the Black Sea during the Eemian in comparison to the
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Holocene, explained by higher global and Mediterranean sea-levels and therefore increased
Mediterranean inflow into the Black Sea basin. Presence of tropical/subtropical species
reflects higher SST in the Eemian than in the Holocene.

By considering the Eemian interglacial as a possible analogue for future climatic
conditions and based on our data, the present rising of the global sea-level should lead to an
elevated Mediterranean inflow into the Black Sea basin, increasing its salinity. This would
open the way for the spreading of Mediterranean species and, therefore, change the biota of
the Black Sea. Those changes could have economic consequences and should be taken into
account. The global climate warming would lead to higher annual temperatures in Northern
Anatolia, but without drought periods. This is an important point for the future agricultural
and forestry development of Turkey. However, the prognoses based on the Eemian research
should be used very carefully, because, in contrast to the present warming, the Eemian
warmer climate was driven by high summer insolation and had a possibly different

atmospheric circulation to today.

Environmental reactions of Northern Anatolia/Black Sea region to the abrupt changes

One highly important finding of this study is the synchrony of vegetation and sea-
surface reactions to the abrupt climate changes. Vegetation reactions to warming are clearly
indicated by the spread of pine and oak forests, whereas cooling is characterised by
development of steppe. The primary productivity in the Black Sea increased during warm and
decreased during cold intervals. The records reveal a synchronous start of vegetation and sea-
surface reactions to the onset of the glacial warming. However, forest developments reach
their maxima several hundred years later after the start of warming, indicating vegetation
development during this interval as a response to increased temperature/precipitation. High
temperatures at the beginning of the interglacial triggered changes in atmospheric circulation,
such as a northward migration of the summer position of the westerlies, which apparently
continued for several hundred years and caused “lags” in terrestrial responses. This is an
important finding, considering modern global warming. On the one hand, the immediate
reaction of the vegetation in Northern Anatolia to the warming demonstrates the sensitivity of
the plant communities to temperature changes. On the other hand, “lags” of responses
demonstrate the relative stability of ecosystems and their continuous and gradual reaction to
the rapid climate change. We suggest monitoring of the natural vegetation in Turkey as an
important tool for understanding the development of the regional climatic changes and

informing future predictions.
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PERSPECTIVES

The present thesis reveals high sensitivity of the Northern Anatolian/Black Sea region to
climate variations during the last 134 ka BP, and highlights the potential of the region for
further palaeoclimatic investigations. There is a need for new cores from the Black Sea
covering the interval between 120-60 ka BP, which would provide information about
vegetation and hydrological changes during the interglacial-glacial transition as well as
transformation of the basin from marine into freshwater/brackish environment. Additional
long cores from Eastern Mediterranean (e.g. Black Sea, Marmara Sea, Aegean Sea, Anatolian
lakes) would provide an opportunity for geographical correlations of changes in vegetation
and sea-surface conditions in the region through time. Moreover, the knowledge about
Northern Anatolian vegetation and Black Sea sea-surface dynamics in the Eemian should be
used for evaluation of the regional models dealing with Eemian and Holocene climate and of
the prognostic models. To better understand changes in the past, studies on modern pollen
rain and dinoflagellates are necessary. The pollen source area for the Black Sea cores still
needs to be studied in more detail in the regions around the Black Sea. An unknown
contribution of the local and regional vegetation to the pollen spectra from the Black Sea is
one source of uncertainty for the vegetation reconstructions. Further studies on surface
samples from Anatolia and the Black Sea would improve our understanding of pollen
distribution on land and in the sea as well as pollen transport in the Black Sea and dependence
of pollen source area on distance from coast. Furthermore, combining pollen data from
surface samples from Northern Anatoliawith climate data will provide the best opportunity to
use the transfer functions based on modern analogues for the reconstruction of climate
parameters such as annual temperature and precipitation for the pollen record 22-GC3 during
the Eemian, the Holocene and the last glacial period. The same method could be used for
geographical correlations of the existing pollen records from Anatolia and their correlations
with records from the Western Mediterranean region. Critical comparison of pollen-based
reconstructions with reconstructions based on other proxies allows sources of uncertainty in
the methods to be detected. In order to achieve more detailed information on sea-surface
conditions of the Black Sea during the glacial, laboratory studies on the dominant dinocyst
species Pyxidinopsis psilata and Spiniferites cruciformis are required. Thereby, important
questions to be addressed include the evaluation of salinity and temperature limits of
dinocysts for cyst formations, as well as the morphological differences of cysts along salinity

and temperature gradients.
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Appendix 1

APPENDIX 1. Complete pollen diagram (%) of the upper part of the core 22-GC3,
covering the last 18 ka.
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Appendix 2

APPENDIX 2. Complete pollen diagram (%) of the cores 22-GC3/8, covering the
penultimate deglaciation and the Eemian during 134-119 ka BP.
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Appendix 3

APPENDIX 3. Complete pollen diagram (%) of the core 25-GC1, covering the last
glacial period during 64-25 ka BP.
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Appendix 4

APPENDIX 4. Complete pollen diagram (%) for surface samples, collected in Northern
Anatolia in 2011.

191



Appendix 4

192



CURRICULUM VITAE

PERSONAL DATA

Full name: Lyudmila Shumilovskikh
Born on: 16.01.1982
Bornin: Kukushtan, Permskaya oblast’, Russia

Nationality: ~ Russian

PROFESSIONAL EXPERIENCE

2013 — present

2009 - 2012

2011 -2012

2008 — 2009

2000 — 2005

EDUCATION

2009 — present

2007 — 2009

1999 — 2004

1989 — 1999

PUBLICATIONS

palynological studies within the scope of the DFG project “Dendrodkologische
Untersuchungen subfossiler Moor-Kiefernwalder in Niedersachsen”

palynological studies within the scope of the DFG project “Dynamics of Mid-
latitude/Mediterranean climate during the last 150 ka: Black Sea/Northern
Anatolian Paleoenvironmental Reconstructions”

palynological studies on surface samples from Nepal within the scope of the DFG
project “Paleoecology of Himalaya during late Quaternary: climate dynamic,
vegetation history and anthropogenic influence based on palynological studies on
geoarchives from central Nepal”

palynological studies on:

- peat/mire deposits at Venner Moor in Germany within the scope of the DFG
project “Dendrodkologische Untersuchungen subfossiler Moor-Kiefernwilder”,

- surface samples and core from Donggi Cona Lake (Tibet) within the scope of the
DFG project “Landscape and Lake-System Response to Late Quaternary
Monsoon Dynamics on the Tibetan Plateau - Northern Transect”,

- two cores from Gobi-Altai and Orkhon Valley (Mongolia) within the scope of the
DFG-project “Late Pleistocene, Holocene and ongoing geomorphodynamics in
the Gobi Desert, South Mongolia”

student/scientific assistant at the Department of Zoology of Invertebrate Animals in
University of Perm (Russia)

PhD student at the Department of Palynology and Climate Dynamics in University
of Gottingen (Germany)

MSc in Biodiversity and Ecology at the University of Gottingen (Germany)
Major subject: Vegetation analysis and Vegetation history
Minor subjects: Animal ecology, Soil science

Graduation in Ecology (Diplom) at the University of Perm (Russia)
Subject: Invertabrates animal ecology

Elementary, Middle and High School at Babkinskaya school, Kukushtan
(Permskaya oblast’, Russia)

Shumilovskikh, L.S., Arz, HW., Fleitmann, D., Marret, F., Nowaczyk, N., Tarasov, P., Wegwerth,
A., Behling, H. Vegetation and environmental changes in Northern Anatolia during the penultimate
deglaciation and Eemian recorded in Black Sea sediments. Quaternary Research, in review.



Shumilovskikh, L.S., Marret, F., Fleitmann, D., Arz, H.W., Nowaczyk, N., Plessen, B., Behling, H.
Eemian and Holocene sea-surface conditions in the southern Black Sea: organic-walled dinoflagellate
cyst record from core 22-GC3. Marine Micropaleontology, in review.

Shumilovskikh, L.S., Tarasov, P., Arz, HW., Fleitmann, D., Marret, F., Nowaczyk, N., Plessen, B.,
Schliitz, F., Behling, H., 2012. Vegetation and environmental dynamics in the southern Black Sea
region since 18 kyr BP derived from the marine core 22-GC3. Palaeogeography, Palaeoclimatology,
Palaeoecology 337-338, 177-193.

Lehmkuhl, F., Hilgers, A., Fries, S., Hiille, D., Schliitz, F., Shumilovskikh, L., Felauer, T., Protze, J.,
2011. Holocene geomorphological processes and soil development as indicator for environmental
change around Karakorum, Upper Orkhon Valley (Central Mongolia). Catena 87(1), 31-44.

Eckstein, J., Leuschner, H.H., Giesecke, T., Shumilovskikh, L., Bauerochse, A., 2010.
Dendroecological investigations at Venner Moor (northwest Germany) document climate-driven
woodland dynamics and mire development in the period 2450-2050 BC. The Holocene 20(2), 231-
244.

Esyunin, S.L., Shumilovskikh, L., 2008. Hacenenue reprneToOMOHTHBIX aykoB (Aranei) 3aka3Huka
«[Ipenypanse» B [Tepmckoit obmactu (The herpetobiont spider (Aranei) assemblages of the
,Preduralie” Reserve in Permskaya Oblast*). Euroasian entomological journal 7(1), 47-56 (in Russian
with English abstract).

CONFERENCES, MEETINGS, WORKSHOPS

Workshop (Palaeo-)ecology of cyst forming dinoflagellates, 17-20 May 2010, Bremen, Germany
(talk)

4™ Workshop on Non-Pollen Palynomorphs, 16-19 June 2010, Besangon, France (poster)

INQUA 501”Caspian-Black Sea-Mediterranean corridor during the last 30 ky: sea level change and
human adaptive strategies” - IGCP 521 ”Black Sea-Mediterranean corridor during the last 30 ky: sea
level and human adaptation” Sixth Plenary Meeting, 27 September-5 October 2010, Rhodes, Greece
(talk)

INQUA XVIII, 20-28 July 2011, Bern, Switzerland (talk)

21% Meetings of Arbeitskreis Vegetationsgeschichte, 23-26 September 2011, Augsburg, Germany
(talk)

COMPARE 2012 Workshop, 18-22 March 2012, Bremen, Germany (talk)

IPC XI1I/IOPC 1X, 22-30 August 2012, Tokyo, Japan (talk)

Russian Micropaleontological Meeting, 12-16 September 2012, Gelendzhik, Russia (talk)

22" Meetings of Arbeitskreis VVegetationsgeschichte, 28-30 September 2012, Bonn, Germany (talk)

PAGES 2™ Young Scientist Meeting and 4™ Open Science Meeting, 11-16 February 2013, Goa, India
(poster)

Gottingen, 28.01.2013 Lyudmila Shumilovskikh



susnjed suaydAjay | N _
wnubeydg PN B

wnunouue wnipodooAT - \n/ _
19|} ule _ /\J\/\‘/ A\ \)\/\/.\/ o o B

1jouow weq 1=\~ N /\/ JAVAN /\
gloiwtolodg J s o A A~ A PEZVAN \»f ><>,.DF —/ [

snwoj _ \:\/.\/\\/\/ NJ E< N /\L B
mcm>-|v\/\/\/x LN\ \/\(/\/\/\\/\/ AN \|\/\P\\/_D/\L /\/ _

wn G- aJod ‘wn ¢ ajesodil ] A _

wn g ‘eje|nonalotoiw ajelod|ool ] N _
ajeuiyosoioiw a)ed|0oulg o n
payJiomal Jequiepinbi] | ~ |

payJomal sue|bnp _ \/ < L

payJomal ¢, elpleyjebuy _ s

payJomal efier) - . . AN NP VAVNEIPN e |

eleuiwalapu -|W<i1/\kv[/\\ /\/\/\ékvhu\w?i%nﬁununnvunnvhvhnvn_uvnnvnu%_ _

sdwn|o seaoeipodousy) _ N N _
aeaoeoun - o o o n
adAj-eljoisnbue eydA| 1__—~ N n
wnnoley] J_ Lo PN DA N P oA

EE\ALQE\AW i N\ P |
adAj-elenbiadg o n

adAl-wniuebiedg _ N P NN PN PN P A

dno.b sngiog PN VAN PN - i
adAj-ooeueg 1_~ AANEEIPN PAN A PPN

aeaoele|nydolog N PN o _
adA}-sue||a1s ebeljixeg N |
adA}-sn|nauaiy ebelyjixeg A n
adA}-saplozie ebeljixeg n
adAj-eainssneg A A PN N _
adAy-sijeurdiyo eqiosinbueg P
adAl-joulw eqosinbueg | A\ A A A |
xowny 1 N/ - A A
sesoeigny J__/ RAVAVAVASSSAN N o NSNS N
adA-snyiueuiyy - PN JAN o |
adA-e|nuajod o |
adA-aienoine wnuobAjod -

PN PN PN PAAN
wr /¢ < ‘aedoeod i \/\/.\/ L AN \/\/\K/u\/ AN \/) \/\ﬁv</ \/\/\/\(l/\

- < %1%3%2%%: i
oeooeod J AT (IT N AT s

sesoeulbequn|d PAN o B
adA-ewnuew obejue|d - o P B
adA-eipsw-iofew obejue|d - AN AN AN AN oo L
adA1-ejejoaoue| obejue|d N A A 2 A
dnoib seaoyl Jjoneded A _
adA-snonaod snssiolepN - o _
lIeosn|p - AN |

¢, BNUUE SI|elnaIaj) _ N |
adA-eyjuayy 2 o N |

adAj-eueouep A — </\/\/)\/\|\<K7\17AER_K_HUKDVI<\E\7%3 _

aeaoel|I7 |

seloInbi7 J_o — AN \Er<»l/(\#< 4 /I\/\n\ NARA S AVas
(eeooeLRINYdOIOS) BIXYOIY A PN |
adAj-wnoipue|ao wawayjuel|oH A N
dnolb wnuenwwnu wawayjuel|aH - N _
soplolesApay wniesApaH - AN o L
adA-eyjueuownaud euenUAL) _ A AN B
dnoub ejsiuas) _ VAN _

e|npuadi|i4 | PN L

aeaoege N PN -~ L

oeadedlg ||M_lm3//\¢nv/\ / AN N\ N\ N AN\ N\
euejeydap/snoesdiq o _

seaoerladAn I_oa \lx\r\/.\/ >\/ \\/.\) \//\/ \E¢.[/\K< ~ /\¢< —

wnisay A P AN AN PP VAN
| I\ v { ]
aeaoe|podousay) - ::?:g_ n
ayjuuan _ 2 N
adA1-eaoel ealnejua) PN Ne—I\ —~ \\L\/ 1\ \/\/\/\/ yANEE S
aeoaoe||Aydolien A NN \/\/ PP VAWA

aeaoeqeuuR) -..D.\|\/ ~ o —\ N
\'%
oesoeoisselg 1N\ AN \E%% << — N

adA1-euosig A PR N AN N A
adA-e)o|leg A
dd seaoelsisy

%

%

20

non-arboreal pollen

20

BISILWBUY _
aeaoeldy -
adAj-wnuisin wnij|y -
adAj-ewsi|y
SHIA -
BAOY|9Z / ShW|N -
BUBjUB| WNUINGIA _
Blll -

snxe| _

sn|nge snonquies _
Xlleg d

adAj-Inqos snasanp
adA1-e18}19009/x3|1 SNaJany) _
adA1-s182 snasanp
eflieoolsld N A N

¢, 8dA-snunug PN B

Sl|ejualo snueje|d - M A P _
ee)sid 1 PN PN

adAj-uojAxo|dey snuid _ AL A PPN \.fr/\/

TR
adAj-uojAxo|dip snuid - __ _ _7 | i 7 __ _ . Y -
eaold 1 PNAN N\ DA o AN A
ealA||iud /\\M_\.(/\/ \/\/> PN PaN LN AN AN AN /
adA-eAnso N e NN / PN PN AN
ea|0 A > A P AN P A
¢, BOUAWN - PN |

snaedolina snyjuelo A A _
aeaoeine _

40

20

sniadiunp

sue|bnp

‘d"d eeaoepue|bnp

X3||

aeydoddiH _

adA-xijay elopaH

uojAxo|eH -

Snulo shuixeld

adAj-Jo01S|90x8 snuixelq

edledAxo “ieA eljojnsnbue snuixelq _

w:mmn_u._/_/7\_|_\_\_l_l_\_\_l_l_\_|_\:/_\_l_/\._/_\75/\/ A O A i

adA)-si|1Bey) eipaydg LA \f/\/ N N NN
adA-eAyoesip eipayd3 A A >>> AANAY N A VA VA NIAN
eukbboo snupod 1 _

w:_aooME\?\:\U/ﬂﬂ?._\—/j\_\ﬂ_/_\j/r/ o AN A~ N~ L]

adA}-sew snulo) _ PN A P
elajluo)d - PVAN \//\/ LN L\ A A

arboreal pollen

20

20

spje9 PN :
Snipa 2\ PaN PN AN u

eaueise) J___ /A PVASAVAVAYA A
sn|nyaq snuidie) - _/_/_/1_\%7\1_\_\_.\_/_\_4_\_:_/_,\7_\/\/ A Pl NVAN AL AN oL i

snxXng 4| PANEED AN AN »

e|noyg J e /\/_ Al /\/\l/ P AN A VAVAN \/\l/\/

snu|y |. _\_\_\7|_\_\_/9\_|:I_l_/_/_|ﬂ_\_\_/ﬂ7//> PN A A N PN i
JOJY PN ﬁ;,\\\l/\l/\\/ﬁv'/\/ P A N
salqy > \}/\/\/ \|\/\|I\.7/\/\ /\/> \/\/\/\/ LN AN N N N

- /\/
4 U // /\//L\ /1\/ i

20

1
20

1
100

80

— /I\)l\/

20

/| LT ND T
/l\/\\\/ \/ /TN LAY // \ N n

N -, I~~~

dVN/dV - _

0w e} 0 10wLw W v Lw 0 n 0 LW WO 00 0o [ollolo o] OO0

25..377802695526.064100200000010016319—/14004513745%34248?3080074829853?9
MO NN OCOM IO O (O MONNO—ANO T N O OMONT— OO OO T OO O —ON— OO OO T NN\ —ANOO+—O—O
[aplep aplesiesies opleslepies aplesiesiesies esleplepies aplesiesles onleslesiep aplasieslesles asleslesies aplesiesies arleslesleples aplesiesles onleslesles apleplesies anleslesleples aleplosies anleslesles aplep]

wns aseq _

o 1 ||

AMMNTONDIT—OINNS ANSOOMOT  LOT—OANOMUOWXOOIMOONAINNOM™ WON MOTMNM™— TANMTLUON0000 OXOONKXXOIO) v
N OO <FANO0 O YOI MO OO MO O M =<0 OLO O v 0 O T CONLO XN T MLIXO COLO O (O (O N N0 O v LOOY M M-+ N LOCON M DHLO—— O ANO 00
MO OO0 OO < 00 <t 00— NI XO N DLO™ MO T N O COMNMN O LODLO MO < v— I O MO AN O T DO 0 O ANLO O v—< 00 O XO (OO 00
OLOOOMNNOO M AN OO MNNMNNOOLOLAO T MO OO MM < MNOLO M OO AN T LOLXO M 00 OXO ANMLXOMN 00 O M < LONO0 O) v ANMLO WO MNCO O

30 60 90 120 150

Pollen diagramm (%) of the upper part of the core 22-GC3, covering the last 18 ka
—
60

dg ey ‘ebe

0 OO AN O X0 TFTNON OO TNO0WOTNOXOH
OO 0O N THO O N O ONHON 0O T ANM O O <t 00NO N 000 O <O NKO O O AN M < HOWOMN 0 O O v AN < < LIXO N 00000 O
OO0 NN NN NI < HE S SHOLOLOLOLOO O O ORI NN 00 00 00 B0 T+ T+ —— (N N AN A N AN A NN

wo ‘Yydap

I I
o 0 o 0 o Yo} o 0 o 0 o Yo} o 0 o
~ ~ N N ™ ™ < < (9] fe) © © N~



Pollen diagramm of core 25-GC1, covering 64-25 ka BP
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Pollen diagram of the cores 22-GC3/8, covering 134-119 ka BP
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Pollen diagram for surface samples, collected in Northern Anatol
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