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Abstract Marine and terrestrial biological and biogeo-

chemical proxies in three sediment cores from North and SE

Aegean and northern Levantine Seas record continuous

warm and humid conditions between 5.5 and 4.0 ka BP

related to the establishment of relatively stratified condi-

tions in the upper water column. These conditions may have

resulted from the concordant albeit weak Mid-Holocene

South Asian monsoon forcing, combined with lighter Ete-

sian winds. During this interval, sea surface temperatures

fluctuate in the Aegean Sea, although exhibiting a strong

positive shift at *4.8 ka BP. The warm and humid climatic

conditions triggered upper water column stratification and

enhancement of the deep chlorophyll maximum (DCM),

leading to dysoxic conditions and the deposition of a sa-

propel-like layer, but only in the SE Aegean site. In contrast

to the shallow water SE Aegean, the deeper North Aegean

and the northern Levantine sites, although experiencing

stratification in the upper parts of the water column, did not

achieve bottom-water dysoxia. Thus, a top–bottom mech-

anism of stratification–DCM development accompanied by

fast transport and burial of organic matter is a likely

explanation for the preservation of productivity signal in the

shallow sites of the SE Aegean and establishment of sa-

propelic conditions during the warm and humid Mid-

Holocene. The termination of the Mid-Holocene warm and

humid phase coincides with the ‘‘4.2 ka’’ climate event. Our

data exhibit an N–S time transgressive aridification gradient

around the Aegean Sea, most probably associated with the

reorganization of the general atmospheric circulation during

the Mid-Holocene.

Keywords Mid-Holocene � NE Mediterranean � Warm �
Humid � Climate � Multiproxy

Introduction

The mid-latitude, semi-enclosed Mediterranean Sea is a

small-scale ocean with high environmental variability and

steep physicochemical gradients (Bethoux et al. 1999).

Climatically, it is influenced by both tropical and mid-lat-

itude climate processes (Lionello et al. 2006) and its

physical, chemical and biological environments have

reacted sensitively to climate variability in the past (e.g.

Cacho et al. 2002; Rohling et al. 2002a; Tzedakis et al.

2004; Margari et al. 2009) and in the present (e.g. Theo-

charis et al. 1999; Zervakis et al. 2000). The climatic
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changes imprinted in the sedimentary archive of the

Mediterranean Sea are closely linked to both the global

atmospheric teleconnection patterns and shifts in the

Intertropical Convergence Zone (ITCZ) over Africa (Lut-

erbacher and Xoplaki 2003; Rohling et al. 2009).

Dramatically different oceanographic and environmen-

tal conditions in the past have resulted in the (quasi)

periodic occurrence of organic-rich layers known as sap-

ropels in the eastern Mediterranean (Hilgen et al. 2003;

Emeis et al. 2003). Sapropels developed in concert with

maximum insolation gradient between the Tropic of Can-

cer and the Equator (e.g. Rossignol-Strick et al. 1982),

when the related precession-driven intensification of the

western African monsoon promoted an increased fresh-

water discharge from the north African rivers, possibly

supplemented by enhanced freshwater inputs from the

southern European and southwest Asian margins (e.g.

Rohling et al. 2002a; Kotthoff et al. 2008a). Subsequently,

freshwater stratification and organic carbon accumulation

took place due to both productivity and hypoxia, during

warm and wet climatic conditions (e.g. de Lange and Ten

Haven 1983; Emeis et al. 2003; Moodley et al. 2005;

Möbius et al. 2010). The most recent sapropel S1 was

deposited in between 10.8 and 6.1 ka BP (de Lange et al.

2008) during reduced deep-water formation and bottom

ventilation (e.g. Meier et al. 2004; Schmiedl et al. 2010;

Katsouras et al. 2010).

In the NE Mediterranean, the Aegean sub-basin has a

crucial role in the Mediterranean thermohaline circulation

(e.g. Theocharis et al. 1999). The Aegean Sea represents a

natural laboratory recording high latitude variability

(Rohling et al. 2002b). In winter, the Aegean Sea is under

the direct influence of northerly winds and precipitation

regimes, and sedimentation patterns reflect variations in

high-latitude forced climate, whereas during summer, the

wind field is dominated by the presence of the Etesian

wind, blowing mainly from the north (e.g. Poulos 2009). In

the northern Aegean antagonistic influences of freshwater

influx from the Black Sea (Zervakis et al. 2000) and rivers

on the one hand, and winter cooling on the other, determine

the extent to which this basin supplies dense deep water

and oxygen to the whole Mediterranean. In contrast, the

South Aegean is one of the most oligotrophic areas in the

Mediterranean Sea (Lykousis et al. 2002). The south Cre-

tan margin (SCM) is part of the northern Levantine Sea

proper. Surface water circulation is modulated by the effect

of the Cretan gyre and is also affected by arid climatic

conditions and fluctuations of the ITCZ and the monsoon/

ENSO/Indian Ocean dipole system (e.g. Malanotte-Rizzoli

et al. 1997).

High-resolution reconstructions in the Aegean marine

records suggest that regional climate during the Holocene

was less stable than previously thought (e.g. Rohling et al.

2002b; Emeis et al. 2003; Casford et al. 2003; Gogou et al.

2007; Kuhnt et al. 2007; Marino et al. 2007, 2009; Tri-

antaphyllou et al. 2009a, b; Schmiedl et al. 2010; Katsouras

et al. 2010; Kouli et al. 2012). These studies have mainly

focused on time windows encompassing the S1 event. Mid-

Holocene in the eastern Mediterranean represents a cli-

matic transition between a wetter Early Holocene (depo-

sition of sapropel S1) and a drier Late Holocene. Thus, the

time period from 6 to 4 ka was not all wet or all dry, but

included both wetter and drier phases of multi-centennial

duration (Roberts et al. 2011a, b).

Detailed results for Mid-Holocene marine records are

almost lacking in the eastern Mediterranean. Nevertheless,

several continental records of the broader area document

humid conditions during this time interval. Examples are a

humid phase recorded during *5.2–4.4 ka BP in the Dead

Sea (Migowski et al. 2006) and the deposition of a sa-

propelic layer (upper sapropel layer; Tolun et al. 2002) in

between 4.75 and 3.2 kyr uncal. BP in Marmara Sea, well

above the equivalent of sapropel S1 in this basin, associ-

ated with the establishment of the dual flow regime

between the Black Sea and the eastern Mediterranean

(Çatağay et al. 2000). The paleorainfall calculated from the

speleothem record of the Soreq Cave in Israel (Bar-Mat-

thews et al. 2003; Bar-Matthews and Ayalon 2011) peaks

between 4.8 and 4.7 ka, and in south-eastern Turkey Lake

Van, a distinct wetter interval is centred at *4.5 ka BP

(Wick et al. 2003; Roberts et al. 2011a, b). In north Africa,

humid conditions enabled the development of highly veg-

etated areas close to the Nile until *4.5–4.0 ka BP (Lario

et al. 1997). Additional evidence from Marathon coastal

plain in eastern Greece (Pavlopoulos et al. 2006) implies

warm, strongly seasonal climate from 5.8 to 3.5 ka BP.

Reviewing several terrestrial data sets, Robinson et al.

(2006) proposed a ‘‘Mid-Holocene wet event’’ at *5.0 ka

BP. Recently, the analysis of spatial distribution of several

Mediterranean paleoclimatic records provided by Finné

et al. (2011) identified the period between 6.0 and 5.4 ka

BP as mainly wetter than average, followed by a decline in

precipitation during the interval 5.4–4.6 ka BP. To date, a

single marine core from the SE Aegean provides evidence

for a warm/humid phase in the Mid-Holocene that is

recorded in a sapropel-like layer deposited between 5.4 and

4.3 ka BP under stratified water column conditions and

enhanced surface productivity (Sapropel Mid-Holocene

(SMH), Triantaphyllou et al. 2009b).

Here, in order to further investigate the Mid-Holocene

period in the eastern Mediterranean Sea after the sapropel

S1 deposition 9 and 6 kybp, we address climate-driven

environmental changes within the time window 6.0–2.5 ka

BP (thus encompassing the SMH). Our specific aims are to

(1) document the climate variability during Mid-Holocene

in the marine archive and (2) assess the environmental
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response of marine and terrestrial regimes to climate-dri-

ven environmental changes. For this purpose, we make

high-resolution reconstructions from marine cores located

along a latitudinal transect from the North Aegean Sea to

the northern Levantine Sea (SCM), using a suite of marine

and terrestrial biological and biogeochemical proxies

(microfossils, pollen, organic carbon, d13Corg, d15N and

lipid biomarkers).

Materials and methods

Core descriptions

Core SL-152 (40�05.190N, 24�36.650E, water depth 978 m,

length 670 cm) was recovered from the North Aegean Sea

(Mount Athos basin) during RV Meteor cruise M51/3 in

2001 and comprises the last *20 kyr (Fig. 1; Kotthoff

et al. 2008b). Core NS-14 (36�38.550N, 27�00.280E, water

depth 505 m, length 400 cm) was retrieved from the wes-

tern Kos basin during RV Aegaeo cruise in 1998 and

covers the last *13 kyr (Fig. 1; Triantaphyllou et al.

2009b). Core HCM2/22 (34�33.970N, 24�53.770E, water

depth 2,211 m, length 175 cm) was collected from the

SCM in 2005 with the RV Aegaeo; the upper 60 cm covers

the last *20 kyr (Fig. 1; Ioakim et al. 2009). All cores

feature a dark-coloured mud unit that corresponds to sa-

propel S1, consisting of two discrete intervals separated by

a light-coloured interval, which corresponds to the S1

interruption. Detailed investigations of the S1 occurrence

in these cores have been reported earlier (Kotthoff et al.

2008a; Triantaphyllou et al. 2009a, b; Katsouras et al.

2010). In core NS-14 (SE Aegean), the most recent Z2

Santorini ash layer is positioned at 17 cm depth, and a

sapropel-like, dark olive grey mud layer (named Sapropel

Mid-Holocene—SMH) is deposited between 25 and 40 cm

and was described in detail in Triantaphyllou et al. (2009b).

Age models

The chronostratigraphy of the studied cores is based on eight

accelerator mass spectroscopy (AMS) radiocarbon (14C)

dates available for core SL-152 (Kotthoff et al. 2008a, b),

seven for core NS-14 (Triantaphyllou et al. 2009b) and three

for core HCM2/22 (Ioakim et al. 2009; Katsouras et al.

2010). The dates of all cores used in this study have been

calibrated using a regional marine reservoir correction of

58 ± 85 years (Reimer and McCormac 2002) for non-sa-

propel and 149 ± 30 years (Facorellis et al. 1998) for sa-

propel intervals. The age model of NS-14 (Triantaphyllou

et al. 2009b) has been tested against the multi-proxy chro-

nological framework proposed by Casford et al. (2007). All

ages in this study refer to calibrated 14C ages.

During the last 6.0 kyrs, sedimentation rates (SRs) in

core SL-152 reach *39 cm/kyr, a high rate even for the

North Aegean Sea, where generally SRs are *20 cm/kyr

(Roussakis et al. 2004). In the SE Aegean, SRs fluctuate

around 13 cm/kyr (NS-14), similar to earlier estimates for

this region (Lykousis and Chronis 1989; Piper and Periss-

oratis 1991; Roussakis et al. 2004). At the SCM site (core

HCM2/22), SRs are as low as *3 cm/kyr, typical of the

open eastern Mediterranean Sea (Emeis et al. 2000).

Methods

Micropaleontological proxies: coccolithophores

and dinoflagellates

Preparation of samples, quantitative counting methods and

taxonomy of coccolithophore analysis are described in detail

in Triantaphyllou et al. (2009a, b). The lower photic zone

species Florisphaera profunda has proven to be a reliable

proxy of the nutricline–thermocline (Okada and Honjo 1973;

Molfino and McIntyre 1990); thus, high relative abundances

indicate stable stratification of the water column and low

productivity in the surface layer (e.g. Castradori 1993;

Beaufort et al. 2001; Flores et al. 2000). Emiliania huxleyi is

considered to be a proxy for high nutrient concentrations in

surface waters (Young 1994) and is a species that prevails

during winter in the Aegean Sea (Dimiza et al. 2008).

E. huxleyi moderately calcified morphotypes (EHMC)

indicate low surface temperatures as they are restricted to

cool Holocene intervals (Crudeli et al. 2006) and mark the

present-day winter season in the Aegean (Dimiza et al. 2008;

temperatures[16 �C, Poulos et al. 1997). Relative maxima

in the abundances of Helicosphaera spp. (mainly Heli-

cosphaera carteri) and Syracosphaera spp. together with

Braarudosphaera bigelowii have been used as indicators of

salinity decrease, whereas Rhabdosphaera spp. signal

stratified and oligotrophic upper water column layers (e.g.

Triantaphyllou et al. 2009a, b).

Dinoflagellate cyst data were raised on cores NS-14 and

HCM2/22. Preparation techniques, taxonomy and quanti-

tative counting methods are described in Triantaphyllou

et al. (2009a) and Geraga et al. (2010). Heterotrophic

species susceptible to post-depositional oxidation (e.g.

Stelladinium spp., Selenopemphix spp., Selenopemphix

nephroides, Selenopemphix quanta, Lejeunecysta spp.;

Zonneveld et al. 2007) have been recorded in core NS-14,

where their fluctuations in relative abundance largely fol-

low those of autotrophs (e.g. Spiniferites mirabilis, Spi-

niferites hyperacanthus, Lingulodinium machaerophorum,

Nematosphaeropsis labyrinthus, Operculodinium centro-

carpum sensu Wall & Dale, Operculodinium israelianum,

Polysphaeridium zoharyi, Pyxidinopsis reticulata, Impa-

gidinium aculeatum, Impagidinium patulum, Impagidinium

Warm and humid Mid-Holocene
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paradoxum, Pentapharsodinium dalei). This suggests that

oxidation effects on preserved dinoflagellate assemblages

are not significant and implies that increases in heterotroph

abundances likely reflect higher productivity.

Pollen records

Pollen records from cores NS-14, HCM2/22 and SL-152

have been previously reported (Triantaphyllou et al.

2009a, b; Kotthoff et al. 2008a, b; Kouli et al. 2012).

Here, pollen data are summarized, and only selected

groups are presented. Pinus is not included in the

‘‘conifers’’ data. ‘‘Mediterranean taxa’’ include Cistus,

Phillyrea, Pistacia, Ligustrum and Olea, while Quercus

ilex has been plotted separately. Non-arboreal pollen

(NAP) is given as a sum.

TOC, d13Corg, d15N, marine and terrestrial biomarkers

Methods and results for total organic carbon (TOC) content

and d13Corg have been previously reported in detail (Kat-

souras et al. 2010). d15N was determined following the

same methodology using a Thermo 1500 elemental ana-

lyzer coupled to a Finnigan MAT 252 continuous-flow gas

isotope ratio mass spectrometer for cores SL-152 and NS-

14, and a PDZ Europa ANCA-GSL elemental analyzer

coupled to a PDZ Europa 20–20 IRMS instrument for core

HCM2/22. Stable carbon and nitrogen isotope ratios (R) are

expressed as d13C and d15N values against V-PDB for

carbon and atmospheric N2 for nitrogen. The overall ana-

lytical error based on duplicate measurements was ±0.2 %
for d13C values and ±0.3 % for d15N values.

Lipid biomarkers in core SL-152 were analysed fol-

lowing the methods described in Gogou et al. (2007).

Methods and data for cores NS-14 and HCM2/22 were

published in Triantaphyllou et al. (2009b) and Kouli et al.

(2012). Individual compounds were identified and quanti-

fied by GC–FID and GC–MS. Here, we report as marine

biomarkers the sum of C27 ? C28 ? C30 algal sterols,

C37 ? C38 long-chain alkenones and diols-keto-ols,

whereas the sum of long-chain n-alkanols and n-alkanes

represents terrestrial biomarkers. The sum of loliolide and

isololiolide is presented separately. The initial results

expressed as concentrations (ng/g) were converted to

accumulation rates (ARs), calculated using absolute bio-

marker concentrations (ng g-1 dry sediment), linear sedi-

mentation rates (LSR, cm/kyr) and dry bulk density of the

sediment (g/cm3).

Fig. 1 Location map of the

Aegean and northern Levantine

Seas, showing the locations of

the studied sites, the bathymetry

and the rivers

M. V. Triantaphyllou et al.
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Alkenone-based sea surface temperatures (SSTs)

and paleoceanographic/paleoclimatic indices

Past sea surface temperatures (SST) for cores SL-152

and HCM2/22 were estimated from unsaturation ratios of

alkenones (Uk
0

37) and the global calibration given by

Müller et al. (1998). The analytical precision based on

multiple extractions of sediment samples was better than

0.6 �C. The results are here compared with alkenone-

based estimates of SST in core NS-14 (Triantaphyllou

et al. 2009b).

The ratio of the abundances of terrestrial n-alkanes and

n-alkanols (HPA index = [Ter-alkanols]/([Ter-alka-

nols] ? [Ter-alkanes]); Poynter and Eglinton 1990) is

used to evaluate stratification/oxygen depletion in the

marine water column that promotes in situ preservation

(Versteegh et al. 2010; Kouli et al. 2012). Changes in the

vegetation cover during different climatic periods could

be inferred by changes in the average chain length of

terrestrial n-alkanes (ACL index, e.g. Zhou et al. 2010;

Kouli et al. 2012).

Estimates of coccolithophore net primary production

(NPP) in the upper part of the water column are based on

Incarbona et al. (2008). In addition, the relative intensity

of mid-water stratification is estimated from the ratio

S (S index; Triantaphyllou et al. 2009b) between F.

profunda (F) and E. huxleyi (E) abundances: S = F/

(F ? E).

Two different pollen ratios are used here as paleoenvi-

ronmental proxies. The ratio H = AP/St (AP: arboreal taxa

excluding Pinus; St: steppic taxa including Artemisia,

Chenopodiaceae, Asteraceae and Poaceae) has been sug-

gested as a humidity index (H index; Triantaphyllou et al.

2009b). The forestation cover index that expresses the

expansion of broadleaved forest in adequate moisture

conditions (Kotthoff et al. 2008b; Kouli et al. 2012) has

been calculated based on the ratio of broadleaved taxa

(Acer, Alnus, Betula, Cistus, Corylus, Fagus, Fraxinus,

Juglans, Olea, Phillyrea, Pistacia, Platanus, Populus,

Ostrya, Quercus, Tilia, Ulmus) to pollen sum excluding

bisaccates.

The temperature index warm/cold (W/C) for core NS-14

is derived from the warm-water dinocyst assemblage Tu-

berculodinium vancampoae, Tectatodinium pellitum, S.

nephroides, I. patulum, I. aculeatum, Pyxidinopsis reticu-

lata, O. israelianum, Spiniferites mirabilis, S. hyperacan-

thus, and the cold-water assemblage N. labyrinthus, P.

dalei. The W/C index for core HCM2/22 is derived from

the warm-water assemblage I. aculeatum, I. patulum, Spi-

niferites bentorii, S. mirabilis, S. hyperacanthus and the

colder-water assemblage, N. labyrinthus, Spiniferites

elongatus.

Results

The individual sediment sequences and inferred paleoen-

vironmental conditions for the whole Holocene in cores

SL-152, NS-14 and HCM2/22 have been published (Kott-

hoff et al. 2008a, b; Triantaphyllou et al. 2009a, b; Kat-

souras et al. 2010; Kouli et al. 2012). Here, we provide an

integrated paleoenvironmental reconstruction for the time

window from 6.0 to 2.5 ka BP from the three cores.

Coccolithophores

In the North Aegean location (core SL-152), E. huxleyi

relative abundance is drastically lower (down to *10 %)

between 5.5 and 4.0 ka BP compared to the interval

younger than 4.0 ka BP, where it reaches 60 % (Fig. 2).

EHMC morphotypes show significantly higher values

before 4.9 ka BP and between 4.0 and 2.5 ka BP. In con-

trast to E. huxleyi, F. profunda displays high abundances

(60 and 90 %) between 5.5 and 4.0 ka BP, whereas Heli-

cosphaera spp., Syracosphaera spp. and Rhabdosphaera

spp. are minor contributors. B. bigelowii is present,

although in low abundance, throughout the interval

between 6.0 and 3.0 ka BP.

The SE Aegean core NS-14 displays E. huxleyi oscil-

lations (40–60 %) with two distinct minima (40 %) centred

on 6.0 and 4.8 ka BP (Fig. 2). EHMC morphotypes present

a distinct maximum in abundance centred on 3.5 ka BP. F.

profunda increases at 4.8 ka BP. An interval with high

abundances of Helicosphaera spp. and Rhabdosphaera

spp. occurs between *5.5 and 4.0 ka BP. B. bigelowii is

present in low abundances up to 4.6 ka BP (Fig. 2).

In core HCM2/22 on the southern margin of Crete,

E. huxleyi relative abundance initially peaks at 70 %, but

then falls below 40 % at *4.5 ka BP. EHMC cold mor-

photypes show maximum abundance after 4.0 ka BP. In

contrast, F. profunda abundance remains relatively low

after 6.0 ka BP (Fig. 2) and increases to 40 % at *4.5 and

2.0 ka BP. Rhabdopshaera spp., Helicosphaera spp. and

Syracosphaera spp. show similar patterns as F. profunda,

whereas B. bigelowii peaks at *6.5 ka BP.

Dinoflagellates

Dinoflagellate data are not available for core SL-152. The

dinoflagellate record (Fig. 3) from SE Aegean core NS-14

reveals overall low abundances and displays increased

relative percentages of heterotrophs (such as Stelladinium

reidii, Selenopemphix quanta and S. nephroides) from 5.4

to 4.3 ka BP. Of the autotrophic taxa, the inner neritic L.

machaerophorum is slightly more abundant in samples

dated between *5.0 and 4.0 ka BP.

Warm and humid Mid-Holocene
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The heterotrophic component is barely present in the

dinocyst record of northern Levantine core HCM2/22

(Fig. 3). However, a rare occurrence of the heterotro-

phic cyst Brigadentinium simplex is recorded at 4.5 ka

BP.

Pollen records

Pollen spectra (Fig. 4) of SL-152 feature decreasing coni-

fer abundances after 5.2 ka BP, while Quercus and other

deciduous taxa have high abundances after 5.4 ka BP.

Fig. 2 Relative abundance of coccolithophore species for cores SL-152, NS-14 and HCM2/22 expressed in percentage. The darker grey in NS-

14 represents the SMH sapropelic layer
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Mediterranean taxa (excluding evergreen Quercus) are

minor contributors to the pollen assemblages, but their

abundances increase between 4.7 and 4.0 ka BP and from

3.2 to 2.7 ka BP. NAP abundances are low around 5.3 ka

BP.

In the SE Aegean NS-14 record, abundances of

Mediterranean taxa (excluding Quercus) are low

between 5.2 and 4.3 ka BP and have an increasing trend

after 4.0 ka BP. A similar pattern is observed in the

NAP record, which has the lowest relative contributions

to the total pollen around 5.0 ka BP. Conifers and

deciduous Quercus, though fluctuating, distinctly

increase between 5.3 and 4.5 ka BP (Fig. 4), whereas

the abundance of conifer pollen decreases from 4.2 ka

BP onwards.

Herb vegetation and Mediterranean taxa, mainly repre-

sented by evergreen Quercus, dominate the HCM2/22

pollen spectra in sediments younger than 6.0 ka BP and

contribute 42 and 12.5 % to the assemblage, respectively.

Deciduous taxa decrease after 4.3 ka BP, while NAP

abundance increases (Fig. 4).

TOC, d13Corg, d15N, marine and terrestrial biomarkers

In the North Aegean SL-152 record, TOC and d13Corg

values vary in narrow ranges, from 0.5 to 0.55 % and from

-22.4 to -21.6 %, respectively, while d15N values show

relatively higher variability [*1–4 % (Fig. 5)]. Between

ca. 5.5 and 5.0 ka BP, TOC exhibits a slight increase while

d13Corg shifts to less-negative values and is relatively

constant thereafter. d15N exhibits minimum values at

*5.5 ka BP, followed by a positive shift from 5.3 to 4.3 ka

BP and a slight decrease afterwards. ARs of terrestrial

biomarkers increase at *5.5 and fluctuate until *5.0 ka

BP, with lower ARs after that time (Fig. 5). ARs of marine

biomarkers exhibit several positive shifts in the interval

5.5–4.0 ka BP.

In core NS-14, a relative increase in TOC values

(slightly exceeding 0.8 %) occurs in the interval 5.4–4.3 ka

BP. The d13Corg values show a prominent increase, peaking

at *4.9 ka BP, in contrast to a decreasing trend of d15N

values that have a minimum at *4.6 ka BP. Elevated ARs

of marine biomarkers are observed from 5.4 to 4.3 ka BP

Fig. 3 Relative abundance of dinoflagellate species for cores NS-14 and HCM2/22 expressed in percentage. The darker grey in NS-14

represents the SMH sapropelic layer

Warm and humid Mid-Holocene
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(av. ARs 18.5 and 41.5 ng cm-2 kyr-1, respectively).

During the same interval, loliolide and isololiolide ARs are

high (av. ARs 11 ng cm-2 kyr-1; Fig. 5). Similar to the

patterns of TOC and marine biomarkers, terrestrial ARs are

elevated (110 and 94 ng cm-2 kyr-1, respectively), and

the HPA index maximises at *5.0 ka BP (0.8; Fig. 5).

In the HCM2/22 record, TOC concentrations are low

between 5.5 and 4.0 ka BP (0.23–0.26 %; Fig. 5). The

three samples analysed for d13Corg and d15N values have

narrow ranges from -22.5 to -21.5 % and from 4 to 5 %,

respectively. ARs of marine biomarkers are also very low

in comparison with those of the corresponding time inter-

vals in cores NS-14 and SL-152 and are not markedly

higher from 4.7 to 5.3 ka BP (Fig. 5). Although at low

values compared to the Aegean sites and varying signifi-

cantly amongst samples, terrestrial biomarkers appear to

accumulate at slightly higher rates during the 6.0–2.5 ka

BP interval; the HPA index peaks at *4.7 ka BP with a

value of 0.4 (Fig. 5).

Alkenone-based sea surface temperatures (SSTs)

and paleoceanographic/paleoclimatic indices

SSTs in core SL-152 decline steadily from 19 �C at 6.0 ka

BP to 15 �C at 2.5 ka BP, with some variability between

5.5 and 4.0 ka BP (Fig. 6). The stratification S index varies

Fig. 4 Percentages of the most

indicative pollen groups in cores

SL-152 (a), NS-14 (b), and

HCM2/22 (c). Conifers include

Abies, Cedrus and Picea;

deciduous taxa include Acer,

Alnus, Betula, Carpinus,

Corylus, Fraxinus, Juglans,

Tilia and Ulmus. Mediterranean

taxa are presented in two curves

in cores NS-14 (b) and HCM2/

22 (c): a including Olea,

Ligustrum, Phillyrea and

Pistacea, while in b evergreen

Quercus is also integrated. In

core SL-152, deciduous and

evergreen Quercus are plotted

together and Mediterranean taxa

include Olea, Ligustrum,

Phillyrea and Pistacea. The

darker grey in NS-14 represents

the SMH sapropelic layer
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between 0.6 and 0.9 and has a distinct positive shift at

*5.0 ka BP. The calculated net primary production (NPP)

is low and increases steadily towards younger samples,

clearly anticorrelated with the S index. The H index

exhibits two maxima between 5.4 and 5.0 ka BP and a third

maximum at ca. 3.0 ka BP. The forestation cover index has

a temporal pattern similar to the H index, whereas HPA

and ACL indices exhibit several positive shifts.

In the NS-14 record, SSTs (Fig. 6) are higher than 20 �C

in samples younger than 6.0 ka BP, with an average value

of 22 �C between 5.4 and 4.3 ka BP and a prominent

positive excursion to 24.9 �C at *4.9 ka BP. The

dinoflagellate-derived W/C index also displays an

increasing trend (Fig. 6). Temperature falls to 18.5 �C at

*3 ka BP, similar to the values calculated in the North

Aegean (Gogou et al. 2007). The stratification S index

peaks (*0.6) at 4.8 ka BP (Fig. 6), while NPP shows an

inverse trend. The ACL, forestation cover and H indices

are highest from 5.2 to 4.7 ka BP and around 4.1 ka BP

(reaching 2.4, 30.2 and 0.54, respectively) (Fig. 6).

In core HCM2/22, a very low abundance of alkenones

did not allow for SSTs reconstructions for the last 6.0 ka

BP. The main positive shift of the S index (0.6) occurs at

*4.5 ka BP, coupled to a minimum in the NPP index that

Fig. 5 TOC (%), d13Corg (%),

d15N (%) and accumulation

rates (ARs) of the investigated

terrestrial and marine

biomarkers for cores SL-152,

NS-14 and HCM2/22. The

darker grey in NS-14 represents

the SMH sapropelic layer

Warm and humid Mid-Holocene
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reaches *350 in the same interval. While the ACL and

H index show no conspicuous features (mean 1.8), the

forestation cover index exhibits increased values (mean

30.0 and 0.45) between *5.4 and 4.3 ka BP. The dino-

flagellate-based temperature W/C index suggests warm sea

surface conditions from 5.7 to 4.9 ka BP and a cool episode

centred at 4.1 ka BP (Fig. 6).

Discussion

Regional paleoceanographic and paleoclimatic

implications

Humidity and freshwater influx

Between *5.5 and 4.0 ka BP in the North Aegean SL-152

core record, the continuous presence of low-salinity indi-

cator coccolithophore species Helicosphaera spp. and B.

bigelowii (Fig. 2) shows increased supply of freshwater.

This is consistent with the planktonic d18O record of

nearby core SL-148 until approximately 4.3 ka BP (Kuhnt

et al. 2007), coinciding with the maximum of the Black Sea

influence reported by Sperling et al. (2003). A similar

pattern of Helicosphaera spp. was evidenced in the SE

Aegean core NS-14 (Fig. 2), supporting lower salinities

within the regional SMH depositional interval (Trianta-

phyllou et al. 2009b). This is further supported by the low

percentages of the oceanic species Impagidinium spp. and

by higher percentages of the inner neritic and euryhaline

species of L. machaerophorum at the lower part of the

SMH layer (Fig. 3). Following the same pattern, Heli-

cosphaera spp. shows a positive shift at *4.5 ka BP in the

northern Levantine SCM core HCM2/22 (Fig. 2).

Notably, increased pollen-based indices (forestation

cover and H indices) in the Aegean and northern Levantine

Seas (Fig. 6) record a brief expansion of forest cover after

*5.5–5.0 ka BP, which is attributed to an increase in

humidity. This humid period interrupts an aridification

trend, featured by weakening of the seasonal contrast of

precipitation that ended at *5.0 ka BP (Peyron et al.

2011). Similar patterns have been recorded also in other

marine sites in the Aegean region (Geraga et al. 2000,

2010; Kouli et al. 2012). Nevertheless, the forest cover in

the northern borderlands of the Aegean Sea was not as

dense as during the moist conditions of the Early Holocene

(Kotthoff et al. 2008a, b). Although this demise of dense

forests could be due to an increasing anthropogenic land

use (Lespez 2003), recent studies (Sadori et al. 2011)

proposed that climatic variability was the main cause of the

vegetation changes recorded before *4.0 ka BP, even if

locally restricted human activity can be detected in ter-

restrial records. The recorded humid period in the SL-152

pollen dataset is bracketed by a centennial-scale drought

event centred at *5.5 ka that coincides with the regional

weakening of monsoonal rainfall in northern Africa (e.g.

Gasse and van Campo 1994; de Menocal et al. 2000) and a

multicentury drought event between *4.7 and *4.1 ka BP

(Kotthoff et al. 2008a, b). This is clearly recorded by the

decreasing percentages of arboreal pollen followed by an

increase in steppe element Chenopodiaceae (Fig. 4).

Strong inputs of land-derived material in the study site are

Fig. 6 Comparison of paleoceanographic indices for cores SL-152,

NS-14 and HCM2/22 with the Soreq cave, Israel, record (from

Almogi-Labin et al. 2009 and Bar-Matthews and Ayalon 2011) during

the 5.5–4.0 ka BP time interval. a Alkenone-based sea surface

temperatures (SST), b terrestrial HPA index, c average chain length of

terrestrial n-alkanes ACL index, d coccolithophore stratification

S index, e upper water column net primary productivity (NPP), f Mid-

Holocene d13C data from Soreq cave, g pollen humidity H index,

h forestation cover index
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also evidenced by a peak of terrestrial biomarker ARs at

*5.2 ka BP (Fig. 5). Similarly, increasing trends of the

pollen-derived humidity H index are observed in the

southern North Aegean MNB-3 record centred at *4.5 ka

BP and are accompanied by an increase in the warmer

vegetation type (Geraga et al. 2010; Kouli et al. 2012). The

enhanced continental run-off is also evident at the SE

Aegean NS-14 site, with high aquatic palynomorph con-

centrations and higher accumulations of terrestrial bio-

markers during *5.3–4.7 ka BP (Triantaphyllou et al.

2009b), whereas pollen evidence includes an expansion of

deciduous forest elements and an amplified humidity

H index (Fig. 6). Further evidence of higher humidity

during the Mid-Holocene at the SCM (HCM2/22) is pro-

vided by the simultaneous increase in the forestation cover

index (Fig. 6). In support to this change, noticeable

increases in the ARs of terrestrial biomarkers (Fig. 5) and

the HPA index values centred at *4.7 ka BP indicate

enhanced terrigenous inputs of organic matter along with

better in situ preservation (Kouli et al. 2012). Furthermore,

positive shifts in the ACL index at this time, particularly in

northern and SE Aegean records (Fig. 6), are in accordance

with the climate-induced vegetation change deduced from

palynological analyses, marking a vegetation shift towards

species indicative of warmer and probably wetter condi-

tions (Zhou et al. 2010; Kouli et al. 2012).

Sea surface temperature

EHMC are practically absent during *5.0–4.0 ka BP in

the SL-152 and show low abundances in SE Aegean and

SCM data sets, thus indicating higher surface temperatures

(Fig. 2). Adding to this evidence, Geraga et al. (2010)

identified an interval of warm and productive surface

waters in the central Aegean between 5.0 and 3.0 ka based

on planktonic foraminifers and dinocyst concentrations.

Consistent with the EHMC pattern, the dinocyst-derived

W/C ratio from the HCM2/22 and NS-14 records also

reveals maximum SST around 4.9 ka BP (Fig. 6).

The biogenic evidence for warm conditions agrees with

alkenone SST estimates that suggest warming to 19 �C at

*4.8 ka BP in the North Aegean and a sharp positive shift

to 24.9 �C at *4.8 ka BP in the SE Aegean Sea (Fig. 6).

Notably, the estimated SSTs in the SE Aegean, although

fluctuating, never fall below 22 �C between *6.0 and

4.0 ka BP, indicating continually relatively warm condi-

tions during the Mid-Holocene. This may mirror the

inferred dominance of warmer Levantine waters within

5.5–4.0 ka BP (Rohling et al. 2002a, b; Marino et al. 2009)

in the southern Aegean Sea. As in the Aegean Sea,

warming has been reported at *5 ka BP for the southern

Adriatic Sea (Emeis et al. 2000; Giunta et al. 2003; di

Donato et al. 2008).

SSTs have not been calculated in the SCM record due to

its low alkenone contents. However, available Uk
0

37 SST

reconstructions in the eastern Mediterranean (Ionian Sea,

Nile delta) show warm conditions during the Mid-Holo-

cene interval from *5.0 to 4.0 ka BP (Emeis et al. 2000;

Castañeda et al. 2010).

Upper water column stratification and productivity

The warm and humid climatic conditions that prevailed

during 5.5–4.0 ka BP had a profound impact on the water

column features. The higher relative abundance of F.

profunda and the elevated coccolithophore stratification

S index (0.6–0.9) in the North Aegean (0.5–0.8) in SE

Aegean and with a main shift to 0.6 at SCM (Fig. 6)

indicate stable stratification in the upper water column and

increased productivity in the lower photic zone. Further-

more, the shift of d13C towards higher values (*-21.5 %;

Fig. 5) and a relative increase in marine biomarker ARs are

consistent with elevated marine productivity, probably

reflecting enhanced organic matter inputs of algal/marine

origin at all sites during this time period (e.g. Gogou et al.

2007; Katsouras et al. 2010).

Interestingly, the S index values and F. profunda

abundances reveal relatively stronger stratification of the

water column and an enhanced DCM in the North Aegean

compared to the other sites, where upper water column

productivity (NPP) is considerably higher (Fig. 6). This

occurs because the northern site was under the influence of

increased freshwater supply from the nearby river systems

of the southern Balkans and the Black Sea catchment;

Black Sea outflow, although subordinate to the river dis-

charging of the North Aegean Sea (Ehrmann et al. 2007),

initiated between 8.0 and 7.0 ka BP and reached its max-

imum at around 5.0–4.0 ka BP (Sperling et al. 2003).

Sea-floor conditions and preservation

Triantaphyllou et al. (2009b), using benthic foraminifera

assemblages and loliolide-isololiolide ARs, showed that

the SE Aegean NS-14 core records dysoxic conditions at

the water column–sediment interface during 5.4–4.3 ka BP

that are evidenced by the formation of the SMH layer. In

addition to this, the pattern of d15N shows a slight decrease

at *4.6 ka BP (Fig. 5), indicating a more significant

contribution from nitrogen-fixing organisms, similar to the

trend recorded under higher productivity sapropel deposi-

tion events (Gallego-Torres et al. 2011 and references

therein) and/or better preservation of the d15N signal under

low-oxygen conditions (Möbius et al. 2010).

For the two sites in the North Aegean (SL-152) and the

SCM (HCM2/22), we can exclude dysoxic conditions in
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the 5.5–4.0 ka BP time interval: low TOC concentrations

(Katsouras et al. 2010), low ARs of marine and terrestrial

biomarkers, and elevated d15N values (Fig. 5) together

indicate that the deep North Aegean and the northern

Levantine Sea SCM were fully oxygenated. Thus, a top–

down mechanism of stratification–DCM development–fast

transport and burial of organic matter is the most reason-

able explanation for the preservation of productivity signal

in shallow sites, leading to sapropelic conditions during the

warm and humid Mid-Holocene. This is clearly opposed to

sapropel S1 mode as has been claimed previously (e.g.

Emeis et al. 2000; Casford et al. 2003; Katsouras et al.

2010), where the deeper basins were isolated first, due to

the development of severe stratification that led to the

isolation of deep-water masses and the establishment of

extended anoxia at the water column–sediment interface.

Regional versus long-termed Mid-Holocene climate

variability

The Mid-Holocene period (6.0–2.5 ka BP) in the eastern

Mediterranean region is a time interval of intensifying

human activity, resulting in the foundation and transfor-

mation of complex societies (e.g. Finné et al. 2011). From

the paleoclimatic perspective, it represents a period when

the redistribution of solar energy due to orbital forcing on a

millennial timescale resulted in a progressive decrease in

Northern Hemisphere (NH) insolation and southward shift

of the NH summer position of the ITCZ (e.g. Gasse 2000).

According to Zhou et al. (2010) and Magny et al. (2009,

2012), the climate change around 4.5 ka BP was possibly

caused by large-scale changes in atmospheric circulation,

linked to a non-linear response of the climate system to the

gradual decrease in insolation. Roberts et al. (2011a) doc-

umented a see-saw effect between eastern and western

Mediterranean basins during the Mid-Holocene transition,

with less precipitation in the eastern basin after *6 ka BP.

However, high-resolution studies (e.g. Soreq Cave, Israel,

Bar-Matthews and Ayalon 2011) are consistent with sinu-

soidal cycles between wetter and drier climate during the

Mid-Holocene, in accord with Bond events. In particular,

Bar-Matthews and Ayalon (2011) noticed several wet

periods, including the 4,800–4,700-yr BP event that coin-

cides with the transition from early Bronze II to early

Bronze III cultural change. A direct comparison of our

records with the high-resolution Mid-Holocene d13C data

from Soreq cave verifies the wet climate conditions that

prevailed during the Mid-Holocene and associated with the

SST increase in Aegean Sea (Fig. 6).

Tinner et al. (2009) pointed out that the Mid-Holocene

increase in humidity in the southern Mediterranean prob-

ably reflects a decrease in the Hadley circulation and

monsoonal activity that weakened the north Atlantic

anticyclone and unblocked possible intrusion of western

humid airflow towards the Mediterranean (Gaetani et al.

2007). Adding to this, our evidence for warm and humid

Mid-Holocene conditions in the Aegean and northern

Levantine Seas may also be the result of ongoing, albeit

weak, Mid-Holocene South Asian monsoon forcing

(Thamban et al. 2007) combined with lighter northerly

winds (Etesians) in the Aegean, as the actualistic contem-

porary model presumes (Tyrlis et al. 2012). This led to

reduced upwelling, therefore supporting an increase in the

stratification of the water column and the localized for-

mation of SMH in the sensitive site of SE Aegean Sea.

Recent studies connect the abrupt fluctuations in the Asian

summer monsoon with the North Atlantic climate (Gupta

et al. 2003, 2005; Wang et al. 2005), which may be linked

to abrupt reorganizations of the thermohaline circulation.

Specifically, for the Mid-Holocene, a retreat of southern

Scandinavian glaciers is recorded (Lie et al. 2004; Wanner

et al. 2008), and more recent data from west Greenland

(Perner et al. 2012) indicate a prolonged warm phase

between 5.5 and 3.5 ka BP, which is probably associated

with the large-scale variability of the North Atlantic

Current.

The termination of the Mid-Holocene warm and humid

phase corresponds with the reduction in the rate of sea-level

rise at *4.0 ka BP in the Aegean Sea (Pavlopoulos et al.

2011) and the concomitant evolution of Aegean coastal

plains (Koukousioura et al. 2011). In a broader sense, the

end of warm and wet conditions coincides with the NH

rapid climate cooling at 4.2 ka (Mayewski et al. 2004),

which is also expressed in the Adriatic Sea (Piva et al.

2008), and central Mediterranean lake records (Magny et al.

2009). This dry and cool episode is evidenced at low lati-

tudes as a ‘‘mega-drought event’’ between *4.5 and

*4.0 ka BP (Cullen et al. 2000) that may have resulted to

the fall of the Egyptian Old Kingdom and the collapse of

Akkadian Empire (e.g. Weiss et al. 1993; Gasse and van

Campo 1994; Gasse 2000). Barring age model uncertain-

ties, our humidity evidence suggest that aridification began

at *5.0 ka BP in the North Aegean versus *4.7 ka in the

SE Aegean, consistent with the north–south trend over the

Holocene period. The northern Mediterranean borderlands

belong to a north Atlantic domain with strong similarities

with European mid-latitudes (Magny et al. 2011, 2012),

while the southern Mediterranean borderlands appear to be

more affected by sub-tropical climatic patterns. The per-

sistence of humid conditions in the southern parts of the

Aegean Sea is most probably associated with the reorga-

nization of the general atmospheric circulation during the

Mid-Holocene. This gradual establishment of arid condi-

tions in the area may complicate the recognition of the

‘‘4.2 ka’’ as a distinct event in the eastern Mediterranean

region (e.g. Finné et al. 2011).
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Conclusions

• Pollen data from the north and SE Aegean basins and the

northern Levantine Basin record an expansion of forest

cover after*5.4 ka BP that is attributed to an increase in

available humidity. In addition, marine proxies clearly

support ongoing warm and humid conditions between 5.5

and 4.0 ka BP and the establishment of relatively strati-

fied conditions of the upper water column not only in the

semi-enclosed Aegean basins but also in the deep

northern Levantine Basin. During this interval, SST

fluctuates in the Aegean Sea; however, it exhibits a clear

positive shift at *4.8 ka BP. This pattern allows us to

conclude that certain climatic factors favoured fluvial

discharge, amplified nutrient inputs and established rel-

atively high productive conditions during the Mid-

Holocene, leading to the deposition of a sapropel-like

layer only in the SE Aegean site.

• The warm and humid climatic conditions triggered upper

water column stratification and enhancement of the

DCM, resulting in the establishment of dysoxic condi-

tions in the shallow basins. In contrast to the shallow SE

Aegean, the deeper North Aegean and the deepest

northern Levantine sites, although experiencing stratifi-

cation in the upper parts of the water column, did not

develop bottom-water dysoxia. Thus, a top–down mech-

anism of stratification–DCM development–fast transport

and burial of organic matter is the most reasonable

explanation for the preservation of the productivity

signal in shallow sites, leading to a sapropel-like

expression during the warm and humid Mid-Holocene.

• Our evidence from the north and SE Aegean and the

northern Levantine may reflect the continuing albeit

weak Mid-Holocene South Asian monsoon forcing

combined with lighter Etesian winds. The termination

of the Mid-Holocene warm and humid phase coincides

with the ‘‘4.2 ka’’ significant Northern Hemisphere

rapid climate cooling. Our humidity evidence exhibits

an N–S time transgressive aridification gradient in the

Aegean Sea. The persistence of humid conditions in the

southern parts of the Aegean Sea is most probably

associated with the reorganization of the general

atmospheric circulation, leading to a further southward

migration of the ITCZ in the tropics during the Mid-

Holocene.
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