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a b s t r a c t

We provide new evidence on sea surface temperature (SST) variations and paleoceanographic/paleo-
environmental changes over the past 1500 years for the north Aegean Sea (NE Mediterranean). The
reconstructions are based on multiproxy analyses, obtained from the high resolution (decadal to multi-
decadal) marine record M2 retrieved from the Athos basin. Reconstructed SSTs show an increase from ca.
850 to 950 AD and from ca. 1100 to 1300 AD. A cooling phase of almost 1.5 !C is observed from ca. 1600
AD to 1700 AD. This seems to have been the starting point of a continuous SST warming trend until the
end of the reconstructed period, interrupted by two prominent cooling events at 1832 ± 15 AD and
1995 ± 1 AD. Application of an adaptive Kernel smoothing suggests that the current warming in the
reconstructed SSTs of the north Aegean might be unprecedented in the context of the past 1500 years.
Internal variability in atmospheric/oceanic circulations systems as well as external forcing as solar ra-
diation and volcanic activity could have affected temperature variations in the north Aegean Sea over the
past 1500 years. The marked temperature drop of approximately ~2 !C at 1832 ± 15 yr AD could be
related to the 1809 АD ‘unknown’ and the 1815 AD Tambora volcanic eruptions. Paleoenvironmental
proxy-indices of the M2 record show enhanced riverine/continental inputs in the northern Aegean after
ca. 1450 AD.

The paleoclimatic evidence derived from the M2 record is combined with a socio-environmental study
of the history of the north Aegean region. We show that the cultivation of temperature-sensitive crops,
i.e. walnut, vine and olive, co-occurred with stable and warmer temperatures, while its end coincided
with a significant episode of cooler temperatures. Periods of agricultural growth in Macedonia coincide
with periods of warmer and more stable SSTs, but further exploration is required in order to identify the
causal links behind the observed phenomena. The Black Death likely caused major changes in agricul-
tural activity in the north Aegean region, as reflected in the pollen data from land sites of Macedonia and
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the M2 proxy-reconstructions. Finally, we conclude that the early modern peaks in mountain vegetation
in the Rhodope and Macedonia highlands, visible also in the M2 record, were very likely climate-driven.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The Mediterranean Sea is a semi-enclosed basin situated in a
climatic transition zone between tropical and mid-latitude cli-
mates, making it highly sensitive to the global climate change (e.g.,
Corte-Real et al., 1995; Ribera et al., 2000; Xoplaki et al., 2003a; b;
Lionello et al., 2006). This sensitivity is largely attributed to its small
size, the limited connection to the Atlantic Ocean and its nearly
independent thermohaline circulation, that causes a more imme-
diate and amplified response to climatic variability (Lionello et al.,
2006 and references therein).

The climate of the Mediterranean Basin is influenced by large-
scale atmospheric circulation patterns and complex landesea and
basin-orography interactions (e.g., Corte-Real et al., 1995). Atmo-
spheric modes of variability, such as the Arctic Oscillation/North
Atlantic Oscillation (AO/NAO), the East Atlantic (EA), the East
Atlantic/Western Russian (EA/WR) patterns and the El Nino
Southern Oscillation (ENSO) play an important role on seasonal
temperature and precipitation variability, as well as on surface
water heat fluxes that in turn have influence on the Mediterranean
thermohaline circulation (Xoplaki et al., 2003a,b, 2004;
Br€onnimann et al., 2007; Josey et al., 2011; L!opez-Parages and
Rodríguez-Fonseca, 2012; Malanotte-Rizzoli et al., 2014 and refer-
ences therein). Recent studies (Josey et al., 2011; Skliris et al., 2012;
Kontoyiannis et al., 2012; Papadopoulos et al., 2012) have discussed
the role of the North Atlantic/European atmospheric variability
modes on heat fluxes and deep-water convection in the Mediter-
ranean basin, in particular during winter when cold winds cause
important heat losses and stratification breakdown. Following this
mechanism, strong interactions with the atmosphere induce
winter mixing in the Gulf of Lions and/or in the Adriatic Sea
(Malanotte-Rizzoli et al., 2014; Pinardi et al., 2015; and references
therein). Temporarily deep-water formation has also been reported
in the Aegean Sea during the late 1980s to early-mid 1990s, under
the influence of anomalously cold winters, known as the Eastern
Mediterranean transient (EMT) (Roether et al., 1996; Theocharis
et al., 1999, 2014).

The Mediterranean experienced marked climatic, environ-
mental and oceanographic changes in the past, often closely related
to the northern hemisphere and the global scale variability
(Luterbacher et al., 2012; Rohling et al., 2015). Marked changes in
Mediterranean climate during the last two millennia have been
described in the literature (Luterbacher et al., 2012; and references
therein) and can be summarized as follow: a cold interval (Dark
Ages Cold Period; DA) from 300 to 600 AD with a marked drop in
temperatures at 450 AD, a period from 600 to 1200 AD (Medieval
Climate Anomaly; MCA) characterized by warmer conditions, but
interrupted by two cooler events at 700 and 1100 AD. Finally, the
period from 1200 to 1850 AD, known as ‘Little Ice Age’ (LIA), with
cooling extremes occurring at around 1400 AD and 1625 AD.

Based on current knowledge on the Mediterranean region, the
first six centuries AD included some of the most intense and long-
lasting droughts of the late Holocene in the Middle Eastern region
(Roberts et al., 2012). High-resolution paleolimnological data from
the Iberian peninsula show good inter-site coherence and indicate
lower water levels and higher salinities synchronous with the MCA
and generally more humid conditions during the LIA (Roberts et al.,
2012). This pattern is in agreement with other lake, marine and tree

ring records from Iberia and Morocco (Esper et al., 2007). In
contrast, lake and partly speleothem evidence from Turkey shows
an opposite pattern of a wet MCA and a dry LIA (Roberts et al., 2012
and references therein). According to the latter study, an east-west
climate seesaw seems to have operated between the two Medi-
terranean sub-basins for the last 1.1 kyrs, showing that the eastern
Mediterranean experienced generally drier hydro-climatic condi-
tions during the LIA and a wetter phase during the MCA. However,
while western Mediterranean aridity/humidity patterns appear
consistent during the two periods, the pattern is less clear in the
eastern Mediterranean region (Roberts et al., 2012). This is in
agreement with recent tree ring based drought/wetness re-
constructions for the Mediterranean (Cook et al., 2015; 2016).

Luterbacher et al. (2004); Xoplaki et al. (2005); Pauling et al.
(2006), Lelieveld et al. (2012); Cook et al. (2015; 2016) and
Luterbacher et al. (2016) present seasonal climate reconstructions
for the last centuries covering the eastern Mediterranean. Seasonal
information for the area is scattered and information about vari-
ability, trends and extremes at intraseasonal and interannual scale
have therefore large uncertainties (Luterbacher et al., 2012).
Marked fluctuations in seasonal temperatures are also related to
large tropical volcanic eruptions. Wagner and Zorita (2005) indi-
cated that on global and hemispheric scales, the volcanic forcing
was largely responsible for the temperature drop during the Dalton
solar minimum (period of reduced sunspot activity that occurred
between ca. 1790 and 1830 AD), whereas changes in solar forcing
and the increasing atmospheric CO2 concentrations were of minor
importance. The net effect of explosive volcanism is thought to be a
cooling of global near-surface temperatures (Robock and Jianping,
1995), but regional deviations might occur, particularly during
winter and summer (e.g., Fischer et al., 2007; Esper et al., 2013;
Wegmann et al., 2014; Büntgen et al., 2015).

A recent review of the Mediterranean climate variability for the
last two millennia (2K), stressed the lack of high temporal resolu-
tion/continuous SST records, especially from the eastern Mediter-
ranean sub-basin (Luterbacher et al., 2012). Marine records
combining marine and terrestrial proxies can provide valuable in-
formation by testing the synchronicity of proxy-events in land and
ocean. Moreover, this approach can help to overcome dating issues
of using different archives, and unambiguously resolve the land-sea
interactions during the study interval.

Here we present a decadal to multi-decadal SST reconstruction
over the past 1500 years in the north Aegean (northeastern Medi-
terranean), based on the study of alkenone paleothermometry and
a plethora of organic geochemical, micropaleontological and pollen
proxy-indices obtained from the marine multi-core M2 (Fig. 1). We
compare fluctuations in the M2 mean SST reconstruction with in-
dependent paleoclimatic evidence from other reconstructions of
marine and continental records from the Mediterranean and the
Anatolian regions. During most of the last two millennia, the north
Aegean region remained densely populated and it was one of the
core areas of the Byzantine (4the15th c.) and Ottoman (15the19th
c.) empires, from which there is a substantial amount of historical
and archaeological data. That enables us to put societal de-
velopments that took place around the north Aegean Sea during the
time frame of the M2 record into a climate context. The eastern
Mediterranean region bears a long history of human development
making it a focal point for exploring the complex interactions
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between climate (including atmospheric and oceanic forcings),
environment and human activity on time scales ranging from
decadal to multi-centennial (e.g., deMenocal, 2001; Robinson et al.,
2006; Roberts et al., 2011; Luterbacher et al., 2012; Medina-Elizalde
and Rohling, 2012; Borrell et al., 2015; Berger et al., 2016; Weiberg
et al., 2016; Xoplaki et al., 2016).

2. Regional setting

2.1. Oceanographic setting

The Aegean Sea is connected with the Black and Marmara Seas
through the Dardanelles Straits, and with the open eastern Medi-
terranean (Levantine Sea) through the Cretan Straits (Fig. 1). The
basin exhibits a complicated physical and geographic configuration,
displaying complicated seabed morphology and numerous island
complexes (Lykousis et al., 2002). Numerous major rivers
(catchments > 1000 km2) from the surrounding areas of the Bal-
kans and Turkey flow into the Aegean Sea. Evros, Nestos and
Strymon rivers discharge into the Aegean Sea, collectively consti-
tuting an important source of land-derived organic matter (Fig. 1).
Black Sea waters (BSW) and riverine inputs both supply the
northern Aegean with freshwater inputs (Poulos et al., 1997;
Roussakis et al., 2004; Triantaphyllou et al., 2016), with the BSW
inflow rate showing strong seasonal and interannual variability,
reaching its maximumduringmid to late summer and its minimum
during winter (Zervakis et al., 2000).

The north Aegean Sea is one of the dense water formation areas
in the Mediterranean (e.g., Theocharis and Georgopoulos, 1993;
Lascaratos et al., 1999; Zervakis et al., 2000; 2003; Velaoras and
Lascaratos, 2005; Gertman et al., 2006; Androulidakis et al.,

2012). BSW spreading during winter may result in the stratifica-
tion of the water column, thus influencing dense water formation
activity (Zervakis et al., 2000; Zervakis et al., 2004; Velaoras and
Lascaratos, 2010; Velaoras et al., 2013).

The spatial distribution of the Mediterranean annual SSTs is
presented in Fig. 2. The average annual value of the Aegean basin
SSTs where core M2 was retrieved is 18.2 !C (Kaplan SST V2, Kaplan
et al., 1998; Bottomley et al., 1990; Reynolds and Smith, 1994;
Parker et al., 1995).

2.2. Historical setting and potential for the socio-environmental
study

The regions considered herein are Macedonia and the adjoining
Rhodope mountains, in particular the Pirin mountain range which
is located close to both the Macedonian lowlands and the North
Aegean (Fig. 1). During the last two thousand years, these two re-
gions developed along parallel trajectories. The Macedonian plain
and its surrounding areas (hills to the north-west, the Chalkidike
peninsula to the south, and the Strymon valley to the east; Fig. 1)
were the primary focus for plant cultivation, manufacturing activ-
ities and commerce. The highlands and mountains of Rhodope
were primarily engaged in pastoral economies, and depended for
both supply and trade of its products on the core area of Macedonia
(Izdebski et al., 2015). Archaeological data for Macedonia is avail-
able in greater quantity for most of Antiquity (especially for its later
part, until ca. 600 AD), allowing to analyse the long-term settle-
ment patterns in close detail (Dunn, 1994; 2005; Curta, 2012).
Moreover, due to the economic and military importance of the city
of Thessaloniki, Macedonia features in numerous medieval
Byzantine texts (from at least the 5th c. until as late as the 15th c.-

Fig. 1. Study area map of the north Aegean Sea (northeastern Mediterranean, Greece). The M2 sampling site location, pollen sites from Macedonia and the adjoining Rhodope
mountains (for details on terrestrial pollen sites see Table 1) and continental sites (lakes, speleothems) from the Anatolia region.
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e.g., Lemerle,1979; Odorico, 2005). Most importantly, from the 10th
c. onwards there exists a growing amount of archival evidence,
coming first from the Athos monastic archives (covering primarily
the Chalkidike and the Strymon valley, as well as the islands of
Lemnos and Thasos; other archives include those of the Patmos
monastery) and since the late 15th c. from the Ottoman registers
(Lefort, 1986). This continuous availability of relatively detailed
historical evidence makes Macedonia unique among all the other
regions of the Balkans and Anatolia, where very little or simply
nothing had been preserved from the medieval archival material.
Last but not least, when we consider the high concentration of
relatively well-dated pollen sites in both the hills surrounding the
Macedonian plain, and in the Rhodope, in particular in the Pirin
Mountains (Izdebski, in press; Marinova et al., 2012), it becomes
clear that this part of the Byzantine and later Ottoman empires is
very well suited for a detailed study of the socio-environmental
history.

Pollen data from the Macedonian highlands and Rhodope have
been analyzed for regional patterns of vegetation change during the
last two thousand years (Izdebski et al., 2015; for site locations and
data see Fig. 1 and Table 1). The regional pollen curves represent
average proportionate values for specific pollen taxa (expressed in
percentage values); averages have been weighted both for the
reliability of a site age-depth model (arbitrary weights) and for the
spatial and temporal structure of the site data that form each of the
region (endogenous weights). The method of quantitative analysis
is described in detail in a separate methodological paper (Izdebski

et al., 2016). It should be noted, however, that only the Rhodope can
be considered as a source area for the delivery of pollen and other
terrestrial contents to the Athos basin (site of the M2 marine re-
cord), while the Macedonian highlands region is not considered as
M2 site's primary source area. Nevertheless, the climatic and
anthropogenic influence on the vegetation history recorded in the
regional pollen data for the Macedonian highlands can be
compared with the M2 climatic reconstructions, which provide
information about the changing climatic conditions (e.g. tempera-
ture and humidity) in the entire north Aegean region.

3. Methodology

3.1. Core location and description

The multicore M2 was retrieved in 2010 from the north Aegean
Sea, Greece (Athos basin, 40! 05.150N, 24! 32.680E) onboard the R/V
‘Aegaeo’ during the ‘MEDECOS II’ cruise at a water depth of 1018 m
(Fig. 1A). The 48-cm long core was sampled continuously at a
sampling step of 0.5 cm. Sediments consist largely of olive grey
(2.5GY 5/1) to greyish olive (5Y 5/2) homogeneous mud, with high
silt contents (25e45%); the clay mineral assemblage comprises
mainly of illite ranging between 40 and 60% of the total material
(lithologic unit A; Roussakis et al., 2004).

3.2. Chronology

An age-depth model has been constructed by combining 210Pb
dates and accelerator mass spectrometry (AMS) 14C dates (Table 2).
210Pb measurements were performed on the upper 10 cm at a step
of 0.5 cm; the resolution became 1 cm until 20 cm depth, and
increased up to 5e10 cm until 40 cm depth. 210Pb activities were
determined through the measurement of its a-emitting grand-
daughter 210Po (Sanchez-Cabeza et al., 1998). The dried sediments
were leached successively with HNO3, HNO3eHClO4, HF and HCl
and 210Po isotopes were deposited on silver discs and counted on a
total a-counter (Ortec EG&G) (Radakovitch, 1995). Repeated mea-
surements on a number of sediment samples showed an analytical
precision better than 5%. The 226Ra-supported 210Pb (background)
was assumed to be 36 Bq/kg, a value measured in the deeper part of
the core (36 cm). The down-core total 210Pb activity profile is pre-
sented in Fig. 3A. The activity profile shows an upper interval
(~10e11 cm) of rapid exponential-downward decline in 210Pb ac-
tivity, followed by a lower interval with constant activity. For the
calculation of the sedimentation rates, the constant rate of supply
(CRS; Appleby and Oldfield, 1978) sedimentation model has been
used, as the Athos basin receives terrigenous supply from the north

Fig. 2. Map showing the locations of the study core M2 retrieved from the Athos basin of the North Aegean (NE Mediterranean, this study) and of cores retrieved from the Central
(Gulf of Taranto, Grauel et al., 2013) and Western Mediterranean Seas (Alboran Sea, Nieto-Moreno et al., 2013; Balearic Sea, Moreno et al., 2012). Mean SSTs calculated from 1945 to
2002 period using the MEDAR/MEDATLAS 2002 database (Fichaut et al., 2003).

Table 1
Pollen sites from Macedonia and Rhodope included in the quantitative analyses of
the regional vegetation histories discussed in section 5.4 of this paper. Data source:
EPD. Information regarding the original site publications, the data processing and
the adopted age-depth models: Izdebski et al., 2015.

Site name Elevation Latitude Longitude

Macedonian highlands
Litochoro 25 m 40.138 22.546
Flambouro 1645 m 40.259 22.171
Orestias 630 m 40.500 21.250
Khimaditis Ib 560 m 40.616 21.583
Mount Voras 1640 m 41.020 21.910
Mount Paiko 1080 m 41.052 22.275
Lailias 1420 m 41.266 23.600
Rhodope (Western Bulgaria)
Popovo Ezero 2185 m 41.716 23.666
Elatia-Rhodopes 1520 m 41.479 24.326
Besbog 2240 m 41.750 23.666
Beliya Kanton 1547 m 41.733 24.133
Begbunar 1750 m 42.150 22.550
Sredna Gora Mountains Peat Bog 1300 m 42.833 24.833
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Aegean borderland. Five accelerator mass spectrometry (AMS) 14C
dates were performed at the laboratories of Beta Analytic (USA) on
cleaned hand-picked planktonic foraminifera (mostly Globiger-
inoides ruber). 14C ages were converted into calibrated ages using
the Calib v. 7.02 software (Reimer et al., 2013) and the MARINE13
calibration dataset, using the local marine reservoir age of 58 ± 85
years (Reimer and McCormac, 2002). The age model is based on
linear interpolation between the 14C dates and presented in Fig. 3B.
A maximum sedimentation rate for the upper 10.5 cm of the
sediment core was calculated using the CRS model at about 83 cm/
kyr, thus close to the ~87 cm/kyr estimate derived from the 14C
dating for the 0e17 cm interval. Temporal resolution ranges from
~8 to 40 years, with higher temporal resolution during the LIA and
last century than the MCA, as a result of lower sedimentation
during the latter period. Thus, time resolution of the M2 record can
be characterized as decadal to multi-decadal.

3.3. TOC and d13Corg

Ninety six samples were collected at a resolution step of 0.5 cm
for organic carbon (OC) content and d13Corg analysis, which were
carried out at the University of California, Davis. Methods for OC
content and d13Corg analysis have been previously reported in detail
(Katsouras et al., 2010). Stable carbon isotope ratios were expressed
in terms of d13Corg values against Vienna Pee Dee Belemnite (V-
PDB), with an overall analytical error based on duplicate mea-
surements estimated at ±0.2‰.

3.4. Organic geochemistry

The determination of lipid biomarkers was carried out on 96
samples. Lipids were extracted from freeze-dried sediments by

sonication using a mixture of dichloromethane/methanol (4:1; v/v)
and separated into different compound classes on silica gel column
chromatography, using solvent mixtures of increasing polarity
(modified after Gogou et al., 2007). Individual compounds were
identified and quantified by GCeFID and GCeMS with a combina-
tion of comparison of GC retention times to authentic standards
and comparison of their mass spectral data to those of the litera-
ture. Details regarding the analytical procedure are described in
Gogou et al. (2007).

A range of selected lipid biomarkers were considered in this
study, including certain long-chain n-alkanes and n-alkanols, long-
chain alkenones with 37 and 38 carbon atoms, long-chain diols, the
isoprenoid derivatives loliolide and isololiolide, and selected ste-
rols. The detailed study of a variety of lipid biomarkers in paleo-
ceanographic studies permits to both autochthonous and
allochthonous sources contributing to the sedimentary organic
matter, delivering information on marine and terrestrial ecosystem
responses to climatic variability and land-ocean interactions (e.g.
Hinrichs et al., 1999; Gogou et al., 2007; Strong et al., 2013; Ouyang
et al., 2015 and references therein).

High molecular weight n-alkanes and n-alkanols are major
components of epicuticular higher plant waxes (Eglinton and
Hamilton, 1967; Eglinton and Eglinton, 2008) and have been
often used as proxies of allochthonous natural (terrestrial) inputs
from leaf waxes of higher plants (e.g., Ohkouchi et al., 1997; Gogou
et al., 2007). The sum of the concentrations of the most abundant
highmolecular weight n-alkanes and n-alkanols of terrestrial origin
are defined, respectively, as:

TerNA ¼
X

n# C27;29;31

and

Table 2
Age model pointers for the investigated core M2.

Depth (cm) Material 14C ages cal year BP cal year AD Mean age Error ±1s

16.5e18.5 cm planktonic forams 200±30a 1750 1750 21
23.5e25.5 cm planktonic forams 760 ± 30 271e440 1510e1679 1594,5 60
30.5e32.5 cm planktonic forams 950 ± 30 440e570 1380e1510 1445 46
41.5e43.4 cm planktonic forams 1520 ± 30 919e1116 834e1031 932,5 70
46.5e48.5 cm planktonic forams 1910 ± 30 1309e1496 454e641 547,5 66

a Result out of calibration range.

Fig. 3. Information used to construct age model. (A) 210Pb activity downcore M2 core, and (B) depth vs. AD ages (with 1s error) for M2 core.
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TerNA# OH ¼
X

n# C26;28;30

The Carbon Preference Indices of long chain n-alkanes (CPINA)
and n-alkanols (CPINeOH) have been used as indicators of terrestrial
OM degradation with CPI values in fresh leaves being typically >4
(Ohkouchi et al., 1997), although the occurrence of petroleum hy-
drocarbons bias (lower) CPINA values with increasing petroleum
contribution, since fossil fuel products present CPINA values ~1
(Wang et al., 1999). The indices were calculated, respectively, as:

CPINA ¼
X

ð½n# C25& # ½n# C33&Þ
.X

ð½n# C26& # ½n# C34&Þ

and

CPIN#OH ¼
X

ð½n# C24& # ½n# C30&Þ
.X

ð½n# C23& # ½n# C29&Þ

Long-chain alkenones reflect the productivity from algal species
of the Prymnesiophyte class, e.g., Emiliania huxleyii (Marlowe et al.,
1984), while in general, the known biological precursors of long-
chain diols are marine nannoplankton of the class Eustigmato-
phyta and C30 keto-ols might be deriving by oxidation of the cor-
responding C30 diols (Volkman, 1986 and references therein).
However, long-chain diols have also been identified in Proboscia
diatoms (Rampen et al., 2008; Rodrigo-Gamiz et al., 2014). Lolio-
lides (isololiolide and loliolide) share several structural features
characteristic of carotenoids in marine algae, which were proposed
to serve as their biogenic precursors (Repeta, 1989). Marine sterols
are major constituents of several marine phytoplankton groups
such as prymnesiophytes, diatoms and dinoflagellates (Volkman
et al., 1999; Menzel et al., 2003). Sterols employed as marine bio-
markers in this study consist of brassicasterol and dinosterol.
Brassicasterol (28D5,22E) is the major sterol in many diatoms but it
also occurs in some prymnesiophytes, mainly Emiliana huxleyi,
while dinosterol (30D22E) is a major compound in dinoflagellates
and is commonly used as source-specific biomarkers of this algal
specie (Volkman, 1986; Volkman et al., 1999). The sum of the
concentrations of the considered lipid biomarkers of algal origin
was calculated as follows:

X
Algal ¼

X!
28D

5;22E þ 30D
22E þ C30diols & keto# ols

þ C37alkenonesþ loliolideþ iso# loliolide
"

3.5. Coccolithophores

Preparation of samples, quantitative counting methods and
taxonomy of coccolithophore analysis are described in detail else-
where (Triantaphyllou et al., 2009a; b, 2014; Triantaphyllou, 2014). A
total of 73 samples have beenprepared for coccolithophore analyses.
Sample preparation followed the standard smear slide techniques.
Results are presented in relative abundances in order to avoid any
dilution effects, e.g., terrigenous matter input (Flores et al., 1997).
The lower photic zone species Florisphaera profunda has proven to
be a reliable proxy of the nutriclineethermocline (Okada and Honjo,
1973; Molfino and McIntyre, 1990); thus, high relative abundances
indicate stable stratification of the water column and low produc-
tivity 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 and increased productivity in surface
waters (Young, 1994) and is a species that prevails during winter in
the Aegean Sea (Dimiza et al., 2008; 2015). Relative maxima in the
abundances of Helicosphaera spp. (mainly Helicosphaera carteri)
together with Braarudosphaera bigelowii have been used as

indicators of salinity decrease (e.g., Giunta and Negri, 2001;
Colmenero-Hidalgo et al., 2004; Grelaud et al., 2012), whereas warm
species % [Rhabdosphaera spp., Syracosphaera spp., Umbellosphaera
spp. (mostly U. tenuis), Umbilicosphaera sibogae, Calciosolenia spp.]
signal stratified and oligotrophic warm upper water column layers
(e.g., Winter et al., 1994; Palumbo et al., 2013).

3.6. Pollen

Pollen sample preparation followed the protocol as used in
marine cores from the Aegean Sea (Triantaphyllou et al., 2009a;
Kouli et al., 2012). In total 37 samples were analyzed from the
first 41 cm of the multicore. Samples below that level exhibited low
pollen abundances and they were not used in this study. Pterido-
phyte spores and aquatic taxa were excluded from pollen sum.

Terrestrial palynomorphs of M2 sediment layers were mainly
transported in the marine environment by fluvial transport and are
expected to closely reflect the vegetation of eastern Macedonia,
including Strymon valley, Rhodope and Athos Peninsula and to a
lesser extend Thasos Island and Drama plain (Fig. 1B). Pollen data
are summarized in the following groups: Altitudinal include Abies,
Picea and Fagus. Other deciduous include Alnus, Corylus, Acer,
Fraxinus, Juglans, Ostrya, Platanus, Populus and Ulmus. Mediterra-
nean taxa include Cistus, Quercus ilex, Phillyrea, Pistacia and Olea. In
the curve of Steppic taxa Artemisia, Chenopodiaceae and Aster-
aceae are included. A forestation index (F-Index), calculated as the
ratio of the sum of broadleaved tree percentage versus pollen sum
excluding bisaccates (Kotthoff et al., 2008; Kouli et al., 2012), has
been used to evaluate the woodland cover. The OJC group (Olea,
Juglans, Castanea: Mercuri et al., 2013a) and the anthropogenic
pollen indicators sum (API; Mercuri et al., 2013b) are used in order
to quantify the impact of human activities in the pollen record. In
addition, and for comparison of the M2 pollen record with regional
pollen curves, Juglans and Plantago lanceolata are presented in the
OJC and API sums respectively.

3.7. Alkenone-based SST and paleoceanographic/
paleoenvironmental indices

Estimates of past sea surface temperature (SST) were calculated
on 96 samples by means of the unsaturation ratios of alkenones
(U ¼ C37:2/(C37:2 þ C37:3) and the global calibrated parameters of
Conte et al. (2006):
!
T ¼ #0:957þ 54:293ðUÞ # 52:894ðUÞ2 þ 28:321ðUÞ3

"

The analytical precision of our method, based on multi-
extractions of sediment samples is better than 0.6 !C. Also, there
is an uncertainty associated with the alkenone to SST calibration
that, according to Conte et al. (2006) amounts to >1 !C at the 68%
confidence level. These values do not represent the full uncertainty
associated with the reconstruction and it is worth to note that a
quantitative estimation of the uncertainties cannot be achieved
within the implemented modeling framework.

In the Aegean Sea, coccosphere fluxes indicate that the main
alkenone producer E. huxleyii is the dominant species all year
round, with higher production and export rates occurring between
March and June and secondary maximum from June to November
(Triantaphyllou et al., 2004; Malinverno et al., 2009). Therefore, the
estimated alkenone patterns and consequently the reconstructed
alkenone SSTs are considered to reflect mean annual temperature
values. Alkenone unsaturation index measurements calculated
using the Conte et al. (2006) equation provide an average of 18.8 !C
in the M2 core top (i.e. the 210Pb range, when chronological un-
certainties are less than 20 years) and this value shows a good
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match with the average historical annual SSTs data (18.2 !C from
January 1866 to December 2014; Kaplan SST V2, Kaplan et al., 1998;
Bottomley et al., 1990; Reynolds and Smith, 1994; Parker et al.,
1995).

The ratio between F. profunda (F) and E. huxleyi (E) abundances
S ¼ F=Fþ E

is applied as stratification S-index of the upper water column
(Triantaphyllou et al., 2009b; 2014; Triantaphyllou, 2014). High
values in the S-index (values closer to 1) indicate relatively deep
nutricline/thermocline position, while low values (values closer to
0) imply high paleoproductivity (sensu Flores et al., 2000).

Grelaud et al. (2012) have shown an exponential anticorrelation
between F. profunda percentages and surface water Chl-a concen-
trations throughout the eastern Mediterranean, in agreement with
previous studies (Beaufort et al., 2001; Incarbona et al., 2008).
Subsequently, the increase of F. profunda relative abundance is
associated with decline of primary productivity of the surface wa-
ters, which shifts to the deeper layers of the water column. Thus,
F. profunda percentage is used as productivity index in the present
study, following Grelaud et al. (2012).

The relation of the abundances of long chain n-alkanes and n-
alkanols (HPA Index; Poynter and Eglinton, 1990)

HPA ¼ TerN# OH=ðTerNAþ TerN# OHÞ

is used to evaluate the proportions of labile and refractory organic
matter delivered in the marine environment, as also as the in situ
preservation vs. degradation trends under different redox
conditions.

The sum of fresh water palynomorphs (Pseudoschizaea, Pedias-
trum spp., Zygnemantaceae) and soil habitats arbuscular mycor-
rhizal fungi (Van Geel et al., 1989; Kołaczek et al., 2013) has been
used to describe fluctuations of fluvial discharge in the marine
environment.

Finally, the pollen ratio
H ¼ AP/St (AP: Arboreal taxa excluding Pinus; St: Artemisia,

Chenopodiaceae, Asteraceae and Poaceae).
is used as a humidity (H) index (H-index; Triantaphyllou et al.,

2009b; Kouli et al., 2012). Even though its value in human
disturbed vegetation patterns is questionable, H-index may act
additively if used in parallel with other, independent marine
proxies.

In order to highlight the long-term behavior and due to the
irregular data sampling, a smoothing local adaptive kernel regres-
sion (Wand and Jones, 1995; Herrmann, 1997) is applied to all
indices used in this study as well as to the reconstructed SST. The
selection of the local bandwidths for the kernel regression is driven
by the estimated age-dating uncertainties. Furthermore, to take
into account the age-uncertainties of the reconstructed SSTs, an
1000-member ensemble of smoothed-reconstructed SSTs is
derived by using a Monte-Carlo approach based on the estimated
standard deviations of the age-dating procedures. It is important to
underline that the ensemble does not contain and show the full
uncertainties of the reconstruction process that cannot be, in the
current modeling framework, estimated.

4. Results

4.1. TOC and d13Corg

The vertical profile of the OC contents and d13C values is shown
in Fig. 4. OC contents range from 0.52 to 1.25%, averaging
0.77 ± 0.14%, with their distribution being marked by periods of
increasing and decreasing values. An increasing trend is observed

between ca. 500 and 900 AD, followed by pulses of enhanced values
between 900 and 1500 AD. Subsequently, the values show an
increasing trend until present.

d13C values range between #26.1 and #21.6‰. Relatively
depleted values are observed between ca. 500 and 900 AD, fol-
lowed by increased average values and pulses of less depleted
signatures between ca. 900 and 1650 AD. Afterwards, the values
show an increasing trend and a stabilization around ~23‰ from ca.
1850 AD until present.

4.2. Lipid biomarkers

Abundances of lipid biomarkers are presented in Fig. 4. As OC
can vary due to the supply of inorganic material (dilution effect) the
concentrations of the reported lipid compounds are normalized to
OC contents.

TerNA ranges from 19.5 to 127 mg g#1 OC, 55.7 ± 19.2 mg g#1 OC
on average, while TerN-OH ranges from 9.18 to 66.2 mg g#1 OC,
averaging 30.4 ± 12.8 mg g#1 OC. TerNA and TerN-OH show similar
fluctuations with a decreasing trend recorded from ca. 550 to 1000
AD, followed by slightly increased terrestrial inputs between ca.
1000 and 1250 AD and a subsequent decrease until ca. 1400 AD,
where minimum values for both TerNA and TerN-OH are recorded.
Thereafter, an increasing trend with marked periods of oscillations
for TerNA and TerN-OH concentrations is evident until present.P

Algal ranged between 5.3 and 53 mg g#1 OC (av.
20.5 ± 11.6 mg g#1 OC). A decreasing trend for the sum of algal
biomarkers is observed from ca. 550 to 1400 AD, where minimum
values are recorded, with marked periods of oscillations and three
distinct peaks around ca. 550 AD, 850 AD and 1200 AD. Subse-
quently, a general increasing trend is observed for

P
Algal until ca.

1800 AD, with peaks around ca. 1550 AD and 1700 AD. After a sharp
decline around ca. 1830 AD, values show a rising trend until present.

CPINA values range from 4.7 to 9.4 (av. 7.0 ± 0.9), while CPIN-OH
ranges from 5.9 to 9.2, averaging 7.0 ± 0.7, for the whole sedi-
mentary record. These values are consistent with a terrestrial origin
from land plants for these compounds (Ohkouchi et al., 1997). CPINA
and CPIN-OH values show similar trends with minimum fluctuations
observed between 550 and ca.1850 AD (av. of 7.4 ± 0.5 and 6.8 ± 0.5
for CPINA and CPIN-OH, respectively), while distinct trends and
increased fluctuations are observed from ca. 1850 AD to present,
where CPINA values decrease (5.8 ± 0.6) while CPIN-OH increases
(7.6 ± 0.7) from the average values, respectively.

4.3. Coccolithophores

In the period 600e1450 AD E. huxleyi abundances remain
consistently above 50% (Fig. 5). Afterwards and until present, its
relative frequency shows intense fluctuations, to decreased
values < 40% between 1450 and 1600 AD; prominent minimum are
recorded at 1950 ± 5 AD. Emiliania huxleyi reaches approximately
80% during ca. 1050e1100 and 1350e1450 AD, while peaks are also
observed at 1650, 1780 and 1987 AD.

An opposite trend is recorded for F. profunda (Fig. 5), which pre-
sents abundances below 40% up to 1450 AD, whereas it prominently
increases (up to60%)betweenca.1450and1600AD.A sharpdecrease
of F. profunda is recorded at 1650 ± 45 and 1780 ± 18 AD; relatively
low (<40%) species values are observedduring ca.1050e1100ADand
1350e1450 AD. Prominent peaks in abundance (>80%) are observed
at 1600 ± 58 and 1950 ± 5 AD; an increasing trend is generally
featuring the time interval from ca. 1850 AD until recent times.

Helicosphaera spp. (mainly H. carteri) are contributing to the
assemblages with very low values, however they start to increase
after ca. 1650 AD (Fig. 5). Similar increasing pattern is inferred also
for the warm species record. In contrast, B. bigelowii fluctuates in
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abundance from ca. 600 until 1700 AD; afterwards and until pre-
sent, it is practically absent (Fig. 5).

4.4. Pollen data

Tree taxa are the main species of the sequence but show
considerable variations in their abundance (Fig. 6). Forestation
cover index (F-Index) exhibits a smooth decreasing trend from1100
to about 1500 AD, fluctuates sharply in-between 1600 to 1800 AD
and increases afterwards to reach its highest level in the mid-20th
century. Deciduous forest elements, including deciduous oaks,
participate modestly in the pollen flora; increased abundances
occur around ca. 1000 to 1200, 1300 to 1500, 1600 to 1750 AD and
after 1850 AD. Low values of deciduous Quercus are observed
around ca. 1250, 1400, 1500 and 1650e1700 AD. Mountainous
vegetation appears as sharp short-lived peaks at 1500 ± 51,
1680 ± 37, 1730 ± 25 and 1800 ± 17 AD. Mediterranean elements

minima are observed around 1500 AD, in-between ca. 1650 to 1700
AD and around 1800 AD. Furthermore evergreen Quercus show
another minimum in-between ca. 1350 to 1400 AD. The impact of
human activity on vegetation is featured by the curve of API and to
smaller extent by the OJC group; the latter being discontinuous.
Human impact seems very low around ca. 1050, 1500 and 1800 AD.
Fluvial discharge index (Fig. 6), shows highest and highly variable
values in between ca. 1550 AD and 1750 AD, while it also increases
around 1000 to 1150 AD.

Even though pollen reconstructions have been commonly used
to feature the vegetation dynamics in response to climatic fluctu-
ations in the past (including the Holocene period; e.g., Kotthoff
et al., 2008; Dormoy et al., 2009; Peyron et al., 2011; 2013), dis-
tinguishing between climate and human impacts on vegetation is
not possible for the late Holocene (Mercuri and Sadori, 2014), un-
less historical documentary data are considered (Haldon et al.,
2014; Sadori et al., 2015; this study).

Fig. 4. OC contents, d13C values and considered lipid biomarkers' concentrations and indices vs. calibrated age along M2 core. Abbreviations of lipid biomarkers are defined in the
text. Bold lines represent the long-term behavior as given by the smoothing local adaptive kernel regression.
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4.5. Alkenone-SST and paleoceanographic/paleoenvironmental
indices

The first SST record for the last 1500 years in the north Aegean/
NE Mediterranean Sea revealed distinct changes of cool/warm in-
tervals (Fig. 7). The beginning of the reconstructed period shows a
drop in the mean SST level around 600 AD, however large un-
certainties affect this period as few records are available. In the 8th
century and in the first half of the 9th century, the reconstructed

SST shows a relatively constant pattern. During the subsequent
centuries until the beginning of the 14th century, the reconstructed
SST reveals a constant upward trend (synchronous to the MCA
period; see Xoplaki et al., 2016) with a large fluctuation around the
10th century. While the 14th and the 15th centuries show steady
SSTs, the 16th century is characterized by significant fluctuations. A
strong cooling of almost 1.5 !C is observed from the end of the 16th
century to the beginning of the 18th century AD. This cooling is
followed by a prominent warming until the end of the record,

Fig. 5. Relative abundance of coccolithophore species vs. calibrated age along M2 core. Results are expressed in percent (%).

Fig. 6. Abundance curves of the most indicative pollen groups vs. calibrated age along M2 core. Pollen groups are defined in the text. F-index: broadleaved tree versus PS excluding
bisaccates ratio (Fluvial discharge Index).
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interrupted by two main cooling events at 1832 ± 15 AD (16.6 !C)
and 1995 ± 1 AD (19.1 !C). Within this period, maximum SSTs of
20.2 and 20.4 !C are recorded at 1965 ± 4 AD and 2010 AD,
respectively. Application of an adaptive Kernel smoothing with the
local bandwidth given by the uncertainties suggests that the cur-
rent warming in the reconstructed SSTs of the north Aegean might
be unprecedented in the context of the past 1500 years.

Main positive shifts in the water column stratification, as indi-
cated by the stratification S-index, occur at 1450 ± 46 and 1750 ± 21
and since the beginning of the 19th century AD, whereas prominent
low values for the index are recorded during the second half of the
18th century AD. The HPA index presents slight fluctuations be-
tween ca. 550 and 1450 AD. Maximum fluctuations for this index
are observed between ca. 1450 and 1600 AD, followed by slightly
decreasing values. Pollen based humidity H-index (Fig. 7) is char-
acterized by a slow but constant increase since ca. 1400 AD, with
stronger fluctuation after ca. 1700 AD and presents highest values
during the recent 20th century.

5. Discussion

The multidisciplinary approach applied here uses selected ma-
rine and terrestrially-derived biogeochemical indices in combina-
tion with micropaleontological and palynological evidence
retrieved from the M2 sedimentary record and addresses the
following research topics: (1) assessment of climate shifts at
decadal to multi-decadal temporal resolution for the past 1.5 kyrs
in the north Aegean region/NE Mediterranean, (2) identification of
land-sea climate interactions and their phase-associations, (3)
identification of sensitivities and response-modes to temperature
and hydrological changes and (4) assessment of the links between
climate and socio-environmental changes in the north Aegean.

5.1. North Aegean climate variability during the last 1500 years
based on the M2 proxy-reconstructions

Proxy-reconstructions of the M2 record, reveal an SST cooling
trend of almost 1 !C from ca. 500 to 850 AD followed by a warming
from ca.850 AD to 950 AD in the northern Aegean (Fig. 7). From ca.
500 to 950 AD, relatively higher concentrations of terrestrial bio-
markers (compared to the following period from ca. 950 until 1400
AD; TerNA and TerN-OH; Fig. 4), and depleted d13C values, suggest
higher supply from continental/riverine runoffs (e.g., Gogou et al.,
2007; Triantaphyllou et al., 2009a; 2014). This assumption is sup-
ported by slight peaks of B. bigelowii and Helicosphaera spp. which
are most likely related to pulses of fresh water inputs into the basin
(Fig. 5; e.g., Negri and Giunta, 2001; Triantaphyllou et al., 2009a; b;
Triantaphyllou, 2014). At the same time, low values of F. profunda
percentages (Fig. 5) indicate elevated in-situ productivity, pre-
sumably triggered by increases in nutrient availability, which
further support the hypothesis of enhanced continental inputs
during this time.

From ca. 850 to 950 AD, SSTs at warming are in line with in-
creases of the HPA index (Fig. 7), indicating higher preservation of
organic matter due to reduced water column mixing (e.g., Kouli
et al., 2012). From ca. 1000e1300 AD, fluctuating SSTs (Fig. 7),
together with higher values of F. profunda and B. bigelowii (Fig. 5),
support the establishment of low-salinity stratified waters and the
presence of nutrient-rich environment in the deep photic zone
(e.g., Molfino and McIntyre, 1990; Triantaphyllou et al., 2009a;
Triantaphyllou, 2014).

Strong indications of repeated riverine inputs for about the same
period are also evident by pulses in terrestrial biomarkers,
enhanced algal productivity, and relatively high d13C values (Fig. 4).
This is also consistent with palynological data (Fig. 6). The SST
fluctuations along with slightly negative shifts in the S- and HPA
indices (Figs. 7) and F. profunda (Fig. 5) records, possibly respond to
water column mixing episodes, associated with cool spells and
dense water formation in the north Aegean Sea during this time
(e.g., Triantaphyllou, 2014; Triantaphyllou et al., 2016).

A positive trend in SST starts at the end of the 11th century and
reachs highest values towards the end of the 16th century. The
warm coccolithophore species increase between ca.1550e1700 AD,
supporting high surface water temperatures, whereas rise in both
F. profunda and the coccolithophore stratification S-index between
ca. 1450e1600 AD points to the development of Deep Chlorophyll
Maximum (DCM) and intensification of the water column stratifi-
cation that likely promotes in-situ preservation of exported organic
matter. Additional evidence to these observations is given by the
higher HPA index values, increasing d13C values and higher algal
biomarkers concentrations (Figs. 4 and 7). Furthermore, a transition
from arid-like conditions between ca.1250e1400 AD towards more
humid conditions after ca. 1400 AD is observed, as implied by
enhanced supply of land plant inputs (TerNA and TerN-OH; Fig. 4)

Fig. 7. Reconstructed SSTs (!C), Stratification (S), Higher Plant Alkanol (HPA) and
Humidity (H) indices. Bold lines represent the long-term behavior as given by the
smoothing local adaptive kernel regression. In the SST panel, the light blue envelop is
associated with the 1000-member ensemble. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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and the plant based humidity index (H-index) values (Fig. 7). In the
second part of the 17th century and early 18th century, stratifica-
tion of the upper water column decreases with concomitant pro-
ductivity increase, as witnessed by lowering of the S-index and rise
in

P
Algal and d13C values, due probably to enhancedwintermixing

conditions, following SST minima (Figs. 4 and 7). The same evolu-
tion is observed, marked by an event of rapid SST drop at 1832 ± 15
AD years, possibly related to the ‘unknown’ volcano eruption in
1809 and the April 1815 Tambora volcanic eruption (Stothers, 1984;
Oppenheimer, 2003 see Raible et al. (2016) for a review). The early
18th century is associated with a decrease of F. profunda and
simultaneous increase of E. huxleyi placoliths (Fig. 5), probably
linked with the Dalton solar minimum (Wagner and Zorita, 2005;
and references therein). Similar findings have been reported by
Incarbona et al. (2010) from the Central Mediterranean region.

Periods of rather high stratification in the north Aegean Sea
(rises of S-index at ca. 950, 1450 AD), marked also by simultaneous
increase in the supply of terrigenous material (TerNA and TerN-OH)
and increases of the HPA index, are well correlated with findings
from previous studies, highlighting major flood events in the
eastern Mediterranean (Luterbacher et al., 2012 and references
therein) and indicatewet conditions in the north Aegean Sea region
(Figs. 4e7). The concomitant increase of Helicosphaera spp. sup-
ports the hypothesis of higher fresh water inputs in the core site
during these times (e.g., Triantaphyllou et al., 2009a;
Triantaphyllou, 2014). Unstable terrestrial hydrologic regime and
repeated flooding events are also assumed by the sharp fluctua-
tions of H-index after ca. 1400 AD (Fig. 7), TerNA and TerN-OH
concentrations together with shifts in the isotopic signature
(d13C) to relatively depleted values (Fig. 4), as well as the increase of
fluvial discharge evidences from pollen data in between ca. 1600
and 1750 AD (Fig.6).

M2 SSTs show a rising trend during the 20th century, accom-
panied by enhanced terrigenous inputs (TerNA and TerN-OH) of
fresh plant material (CPINeOH) and algal productivity in the
euphotic zone (high F. profunda percentages; rises of

P
Algal; OC;

shift of d13C towards higher values), along with prominent increase
of warm coccolithophores such as Rhabdosphaera spp., Syr-
acosphaera spp., Umbellosphaera spp. (Figs. 4e7). Decrease in the
CPINA index, along with the gradual development of an ‘unresolved
complex mixture’ of aliphatic hydrocarbons (data not shown),
indicate overall enhanced inputs of anthropogenic hydrocarbons
deriving from the combustion of coal and fossil fuel products to the
study site (Parinos et al., 2013).

5.2. Comparison with other proxy-records from the Mediterranean
and the Anatolian regions

Focusing on the hydrological cycle of the Mediterranean during
the last 1.1 ky, a synthesis study of continental and marine palae-
oclimatic records (Roberts et al., 2012), showed generally drier
hydro-climatic conditions during the LIA and awetter phase during
the MCA in the eastern Mediterranean and Anatolian regions. Sta-
lagmite information has been collected in three different regions of
Turkey, and several records cover the last 2k years continuously at
high resolutions (Fleitmann et al., 2009; G€oktürk et al., 2011, Fig. 8).
A 2500-year long, seasonally resolved oxygen and carbon isotope
record from a stalagmite from Sofular Cave shows a strong corre-
lationwith the amount of precipitation and thus effective moisture.
Sofular Cave (Fleitmann et al., 2009) shows a long-term decrease in
precipitation and effective moisture, but no distinct MCA or LIA.
The clearest MCA and LIA pattern has been recorded from a sta-
lagmite in Kocain Cave (southern Turkey), indicating decreased
precipitation during the MCA, followed by a wetter LIA (Graham
et al., 2011, Fig. 8). In contrast Nar G€olü d18Ο lake record shows

wet MCA in respect to drier LIA conditions (Roberts et al., 2012;
Dean et al., 2013, Fig. 8). The SSTs peak in the M2 record at ca.
1600 AD, when compared to Sofular, Uzuntarla and particularly
Kocain d13C records (Fig. 8) is related to wet conditions, supporting
the concept of wet LIA in this part of the eastern Mediterranean.
This is also expressed in the May-June precipitation in NE Greece
and Turkey record of Griggs et al. (2007). Furthermore, the cold
shifts at around 1700 AD and mide19th century in the north
Aegean correspond in time with dry conditions in Sofular and
Uzuntarla records; interestingly both shifts point to wet periods in
the Kocain Cave d13C (Fig. 8). We should mention thought that
dating uncertainties restrict inmany cases the comparison between
different archives (e.g. marine, lake and stalagmite records).

Consistency has been observed between records from Anatolia
and the Middle East for the period between ca. 800 and 1750 AD,
indicating generally wetter climatic conditions around 1200 CE and
somewhat drier conditions afterwards (Roberts et al., 2012;
Luterbacher et al., 2012), while the M2 core proxy-
reconstructions add evidence for enhanced riverine/continental
inputs and thus wetter conditions after ca. 1450/1500 AD in the
north Aegean region (Fig. 7). A contemporaneous increase in flood
frequency and alluvial aggradation recorded in the near-by Drama
basin (Lespez, 2003) has been correlated with hydroclimatic
changes all overMediterranean Europe during this period (Camuffo
and Enzi, 1996; Grove, 2001). More to the south, evidence from
Vravron coastal marsh, Attica, document a marked increase in
abundance of Chenopodiaceae and hydrophilous herbs indicating
fluvial discharge and the expansion of the wetland (Triantaphyllou
et al., 2010; Kouli, 2012). Roberts et al. (2012) have shown that
while western Mediterranean aridity/humidity patterns appeared
consistent during the MCA/LIA periods, the pattern is less clear in
the eastern Mediterranean, implying that the hydroclimatic pat-
terns at various periods and different regions in the Mediterranean
were probably determined by a combination of different climate
modes along with major physical geographical controls.

Comparison of the M2 north Aegean SST record with the few
available Mediterranean marine records (Fig. 2; Alboran Sea, Nieto-
Moreno et al., 2013; Gulf of Taranto, Grauel et al., 2013; Balearic Sea,
Moreno et al., 2012) suggests that climate signals are not uniform
amongst the various basins. Interestingly, the north Aegean M2 re-
cord shows recent warming initially starting after 1100 AD and
intensified after 1700 AD,which is also recorded in the core from the
Gulf of Taranto (Grauel et al., 2013) and in one of the two Alboran sea
cores (384B; Nieto-Moreno et al., 2013). Furthermore, the last three
century pronounced warming trend observed in our record, is also
present in the Central Mediterranean records (Versteegh et al.,
2007; Grauel et al., 2013), but it is not apparent in the western
Mediterranean records. SST variability in the Mediterranean is
mainly controlled by variations in the airesea heat flux as well as in
the vertical mixing, related also to themomentum flux at the air-sea
interface and the horizontal advection of heat. Fresh and relatively
cold Black Sea waters, entering into the north Aegean through the
narrow Dardanelles straits provide an extra term controlling the
SSTs distribution and variability in this region (Fig. 2), while the
inflow of the fresh Atlantic waters at the surface, taking place at the
Gibraltar Strait, represents an additional significant heat source
term acting to balance the mean annual net heat loss. Finally, the
influence of the prevailing regional and/or large scale atmospheric
circulation patterns is another important factor which controls the
Mediterranean SST variability (see below, section 5.3.).

5.3. Potential links with large scale climatological patterns

The direct relation of SSTs variability to the climatological pa-
rameters at the sea surface through the air-sea heat and
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momentum fluxes point to the leading patterns of atmospheric
variability that influence the climate conditions over the Mediter-
ranean region. The most important large scale mode of climate
variability in the Northern Hemisphere with implications to the
climate distribution over the Mediterranean Sea is the North
Atlantic Oscillation (NAO). NAO is a meridional in atmospheric
pressure seesaw pattern between the Icelandic Low and the Azores
High (Hurrell et al., 2003). In the Mediterranean Sea, positive
winter NAO is connected with relatively warm western Mediter-
ranean and cold eastern Mediterranean Basin (Luterbacher and
Xoplaki, 2003), accounting for the surface heat flux dipole struc-
ture across the Mediterranean basin (Josey et al., 2011;
Papadopoulos et al., 2012). According to these studies, prevailing
negative NAO relates with cool SSTs in the NW Mediterranean Sea,
and warmer SSTs in the Aegean Sea. This is a result of the prevailing
anomalous southerly winds over the eastern Mediterranean,
bringing warmer air masses over the area (Hurrell et al., 2003;
Kontoyiannis et al., 2012; Skliris et al., 2012). Cold and dry, conti-
nental, air advection from northern directions over the Black Sea
and the eastern Mediterranean also occurs under high positive East
Atlantic/Western Russian (EA/WR) in winter (Kutiel et al., 2002;
Josey et al., 2011; Kontoyiannis et al., 2012; Xoplaki et al., 2004).
The East Atlantic (EA) pattern is another important atmospheric
mode that influences the Mediterranean Sea climate. Interestingly,
while NAO results in a dipole structure of heat flux anomalies, with
a E-W sign reversal across the Mediterranean (similar to EA/WR),
the heat flux anomaly across the whole basin is of the same sign
under EA, with positive/negative state producing reduced/
enhanced heat loss (Josey et al., 2011).

Teleconnections affecting the Mediterranean climate on multi-
decadal to centennial time scales, present a large temporal

variability and strong seasonal cycles (Ulbrich et al., 2013). Amongst
them, the Atlantic Multidecadal Oscillation (AMO) has its principal
expression in the SSTs variability of the North Atlantic (Schlesinger,
1994). Mariotti and Dell’Aquila (2012) claimed the existence of a
close relationship between AMO and the Mediterranean SSTs at
decadal timescales, while Marullo et al. (2011) showed the pres-
ence of a significant oscillation of the Mediterranean SSTs with a
period of about 70 years, very close to that of the AMO. Skliris et al.
(2012) have showed that the recent warming trend in the Medi-
terranean surface waters is highly correlated with both the Eastern
Atlantic (EA) pattern and the Atlantic Multidecadal Oscillation
(AMO) index.

In the M2 record, negative SST anomalies during the MCA (ca.
600e1200 AD) coincide with increased frequency of positive AMO
events (Fig. 9; Mann et al., 2009), while SST positive anomalies
coincide in some cases with negative NAO/AMO states; most
prominent the ones around the 1600s (Fig. 9; Gray et al., 2004;
Mann et al., 2009; Ortega et al., 2015). According to this, severe
winters in the Mediterranean region have been related to negative
EA and weaker NAO influence (Josey et al., 2011), while negative
NAO and positive low frequency EA conditions could have been
responsible for unexpected warm spell in SSTs (e.g. the 1600's;
Fig. 9; Moore et al., 2011). Negative winter-NAO and AMO states
may also be relevant accounting for the warming of the north
Aegean upper waters in the mid-1960s. The subsequent marked
cooling in the early 1990s in the Aegean, featuring the Eastern
Mediterranean Transient (EMT) episode, may be partly related to
NAO and/or EA/WR patterns although the processes involved in the
EMT development are still under investigation (Kontoyiannis et al.,
2012; Romanski et al., 2012; Ga#ci!c et al., 2011; Theocharis et al.,
2014; Velaoras et al., 2014).

Fig. 8. Comparison of M2 alkenone-SST (!C) and Ter-N-OH (g/g OC; proxy-index for riverine/continental runoffs) with high-resolution stalagmite isotope profiles (oxygen and
carbon) from continental sites of the Anatolia region (Fleitmann et al., 2009; G€oktürk et al., 2011; Graham et al., Roberts et al., 2012; Dean et al., 2013) and May-June precipitation of
Aegean oak trees (Griggs et al., 2007).
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6. Links between climate and socio-environmental changes
in the north Aegean area over the last 1500 years

6.1. Economic expansion during stable/warm climate conditions

During the last 1500 years, until the onset of the modern eco-
nomic system after 1800 AD, the lands of Macedonia and the
Rhodope experienced at least two major cycles of economic and
demographic expansion: medieval (culminating in 1200e1350 AD),
and early modern (culminating in 1500e1600 AD). In the 5th to
10th centuries, before the period of the medieval growth began,
Macedonia was a buffer zone between the Byzantine possessions in
the South Balkan littoral and the inimical polities in the northern
Balkans, first the Avars and then the Bulgars (Curta, 2006). From ca.
580e600 AD onwards the North Aegean became the focus of
considerable Slav migration, which led to a deep transformation of
the region's settlement and demographic patterns (Lemerle, 1979;
Curta, 2012). During these centuries, as shown by the analysis of
the regional pollen data (Fig. 10), both the anthropogenic indicators
and the arboreal taxa, the human impact on vegetation in the
Macedonian highlands and the Rhodope was not high. This is

certainly related to the military and political insecurity which las-
ted until the conquest of the first Bulgarian Empire by the Byzan-
tines (completed in 1018 AD). Following this event, Macedonia
became the central region of the newly-united Byzantine Balkans,
whichmade possible significant economic expansion. However, the
first signs of economic growth are visible already prior to that
period, with the increase in olive pollen in Macedonia after 800 AD,
which certainly has to do with the fact that the reconquest of
Southern Macedonia started already after 795 AD and from that
period onwards Macedonia became gradually absorbed into the
Byzantine market zone. Nevertheless, the major period of growth
falls to ca. 1100e1350 AD, as is visible in particular in the cereal
pollen data (Fig. 10). As grain products formed the basis of the
Byzantine diet (being the source of ca. 50% of the calorie input;
Kaplan, 1992, pp. 25e32 and Kokoszko et al., 2014), changes in
cereal cultivation can be considered to be related to demographic
trends, although this is not a straightforward relation and fluctua-
tions in cereal pollen should not be interpreted as direct proxies for
changes in population numbers (Izdebski et al., 2016; see also
Fig. 11).

During the Middle Ages, there also occurred some interesting
developments in the Rhodope (Fig. 1). An expansion of pastoral
indicators is found together with an increase in vine and walnut
pollen in the period of ca. 600e1050 AD, with the climax in ca.1000
AD (Fig. 10). Vine must have grown in the immediate vicinity of the
pollen sites, since vine pollen is only transported for short distances
(Turner, 2004). This intensification of both vine and walnut culti-
vation occurred during a period when the average temperature
conditions were relatively stable and were increasing steadily, as
shown in the M2 SST record (Fig. 7). While a proper assessment of
the importance of the climatic factor for the observed pattern of
highland agriculturewould require a detailed historical study of the
entire regional economic and political context, certainly the in-
crease in vine and walnut cultivation was facilitated by the preva-
lent climatic conditions (if no actually made possible, given the fact
that all the available pollen sites in the Rhodope are located on
rather high elevations). A decline in vine and walnut pollen occurs
after ca. 1000 AD, coinciding with the occurrence of cool spells
towards the end of the 11th/beginning of the 12th c., as indicated by
M2 SST (Fig. 7). The same seems to be also the case with walnut in
the Macedonian highlands, so in more lowland areas, as it shows
signs of decline after 1100 AD; olive, in turn, started to decline in
Macedonia even prior to that date. To conclude, given the fact that
both the olive, walnut and vine cultivation seems to have devel-
oped in the North Aegean region during the stable conditions of the
6th to the 11th century, the cool decades of the end of the 11th
century might have discouraged further development of these
three branches of agricultural production. A similar case of the
impact of an episode of very low temperatures (dated to the late
10th-early 11th c.) on the patterns of agricultural production is
known from the Iranian Plateau, which specialized in another
temperature-sensitive crop, cotton. However, while in the case of
Central Asia and Iran the cool spells were one of the factors that
contributed to the decline of the previously flourishing Iranian
economy and which encouraged the expansion of the pastoral
Seljuk Turks (Bulliet, 2009), in Macedonia the cooler decades did
not lead to any significant societal change (which at least partly can
be explained by the fact that in the end of the 11th c. Macedonia
was still relatively loosely populated, cf. Fig. 11).

The economic and demographic expansion inMacedonia, which
followed after the political stability was assured in the early 11th c.,
also occurred during the times of relatively stable climatic condi-
tions, with awarming trend that prevailed throughout the 12th and
13th c. The expansion of agriculture is visible in the increase of
cereals (cf. with population dynamics on Fig.11) and the decrease in

Fig. 9. Left panel: reconstructed mean annual SST in terms of anomalies w.r.t. the
1855e1955 mean. Middle panel: reconstructed AMO index (Mann et al., 2009), shaded
green areas show negative AMO periods. Right panel: reconstructed NAO index (Ortega
et al., 2015), shaded blue areas show positive NAO periods. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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pine (Fig. 10), as well as in the API record of the marine core M2
(Fig. 6). There also exists considerable textual evidence on the
economic growth in Macedonia in the 11the14th century (Laiou,
1977; Harvey, 1989; Lefort, 1991a; Dunn, 1998). The return of the
warming trend did not encourage the restoration of the early me-
dieval patterns in the agricultural economy of the Rhodope, as
neither vine nor walnut cultivation increased any more. On the
contrary, due to this region's specialization in pastoral activities, the
Rhodope increasingly relied on the lowlands for the supply of
cultivation products (Izdebski et al., 2015), which actually made its
economy less vulnerable to local weather conditions.

In this context, it is worth observing that also the second period
of economic expansion corresponds with climatic conditions that
certainly facilitated agricultural production. This phase of growth is
associatedwith the prosperity and political stability of the Ottoman
Empire's climax in the 16th c. (White, 2011, pp. 20e77), and with

the booming trade in grain between the Ottoman lands and the
Western Mediterranean (Dunn, 2009; McGowan, 1981, pp. 1e44).
Indeed, it was during this period that there occurred more stable
climatic conditions with a gradual increase in temperature, while
the previous century was characterized by fluctuations between
warm and cool events (Fig. 7).

To conclude, at first glance the temporal correlation between the
stable climatic conditions, often with a significant warming trend,
and phases of economic growth, as visible in agriculture (i.e., pollen
indicators) and demography (i.e., Byzantine and Ottoman textual
sources), is indeed striking. However, this should not lead to
simplistic hypothesis that climate ‘amelioration’ was responsible
for the economic growth; rather, it should encourage further
exploration of the causal mechanisms behind the observed phe-
nomena, which would help to understand the role of climate in the
proper context. One should remember that neither during the

Fig. 10. Regional pollen averages of selected plant taxa for the Macedonian Highlands and the Rhodope. Site locations and regions selected for the analysis are presented in Table 1
and Fig. 1. Source: Izdebski et al., 2015. Data: European Pollen Database.
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Middle Ages nor during the early modern period, climate was the
sole factor behind the increase in the scale of human impact on the
region's environment. On the contrary, in each case it is possible to
point out different societal factors, such as political and military
stability, demand for specific products, either on foreignmarkets or
on the part of the state apparatus (in the case of cereals), the pos-
sibility tomeet local supply needs by imports (in the case of walnut,
vine and olive), as main drivers of the observed socio-
environmental changes. Nevertheless, it is clear that in particular
in the case of the more temperature-sensitive crops the average
temperature conditions were crucial for achieving yields that made
their cultivation profitable, or at least viable. It is more difficult to
establish a clear link between the growth of the medieval or early
modern cereal economies in Macedonia and the stable average
temperature conditions. This requires, in particular, an exploration
of how SST levels translate into weather conditions for cereal
cultivation, and what the mechanisms that led to specialization in
cereals in the region actually were, whether there were any natural
limits to the expansion of cereal farming, which better climate
conditions could ameliorate. In this context, it might be particularly
interesting to study the response on the part of the cereal economy
to the unusually cold and rather unstable conditions of the 17th c.,
which were completely different from the warm and stable con-
ditions of the 16th c., which saw the growth of the Ottoman cereal
cultivation in Macedonia.

6.2. Black Death and its impact on the environment

The Black Death was a recurring problem in Macedonia in the
decades that followed after 1348 AD (Dols, 1979; Büntgen et al.,
2011; Schmid et al., 2015). Within a relatively short time the pla-
gue resulted in considerable population loss, which had damaging
effects on the economic trends. The scale of cereal cultivation in the
hills surrounding the Macedonian plain declines considerably
within the next one to two centuries, which presumably had to do
with the dropdown of the population levels. At the same time, the
pine pollen increased its share in the pollen signal, which suggests
the occurrence of secondary ecological succession onto lands pre-
viously used for agricultural activities (Fig. 10). The Byzantine
archival data from the Athos monasteries also show considerable
population losses. Chalkidike and the Pangaion Hills lost some
30e50% of their inhabitants within some 100 years after the plague
first came to Macedonia. Any population decline in the Strymon
valley would, however, have been only short-term, as in ca. 1475
the population outnumbered the levels of ca.1325 AD (Fig.11; there
is no data for the intermediate period).

Geyer (1986, p. 105) suggested that in the hilly parts of
Macedonia an episode of increased erosion occurred as a result of
this demographic catastrophe. Without human care, abandoned
fields located on hills and terraces in river valleys would have
quickly lost much of their soils. This hypothesis seems to be
confirmed by the pollen-derived fluvial input index of the marine
core M2, which shows increased soil erosion in a sample dated to
ca. 1375 ± 49 AD. Also other pollen data from the marine core M2
(Fig. 6), showa decline in anthropogenic impact around 1350e1500
AD, and thus it can tentatively be associated with the environ-
mental consequences of the Black Death. Thus, during the first
phase of this process, the OJC (olive, walnut, and chestnut) curve
decreases to zero values, while the Mediterranean and deciduous
vegetation, as well as Quercus, increase. This would suggest a
decline in agricultural activities and at the same time a secondary
succession of wild taxa, when the anthropogenic pressure declined.
These developments, however, differ slightly from those observed
in the terrestrial pollen record from the Macedonian Highlands, but
these lands cannot be considered the source area of the terrestrial
components of the marine core M2. Unfortunately, for this period
there exists no well-resolved terrestrial pollen data from the lower
Strymon valley (which is the primary source area of M2 core), so it
is not possible to make a direct comparison of the marine pollen
record with any terrestrial pollen data.

6.3. Pastoral activities and mountainous vegetation during the little
age

The mountain vegetation is relatively well represented in the
marine pollen data. Sharp peaks of mountainous forest taxa in the
M2 core are dated ca.1500 ± 50,1680 ± 36,1730 ± 25 and 1800 ± 16
AD (Fig. 6). Given the long history of complex pastoral economy in
the Rhodope mountains, these peaks may reflect changes in the
patterns of economic activity or climatic fluctuations.

The Byzantine textual sources contain information about large-
scale pastoral activities from the 1060s AD (Gy!oni, 1951) and in
1180e1200 AD the pastoral Vlachs managed to create the second
Bulgarian Empire (Ritter, 2013). Unfortunately, there is no archae-
ological data and thus it is not possible to reconstruct the devel-
opment of this highland pastoral economy in the central Balkans
(cf. Henning, 1984; 1987). However, the pollen record from the
Macedonian Highlands and especially from the Rhodope (Fig. 10)
shows a steady increase in P. lanceolata (an important indicator of
pasturing activities (Behre, 1981)) from 600 AD onwards, as well as
the dramatic decrease in Abies (fir) and the increase of Poaceae
(true grasses), which suggest continued land-opening in the same
period; stabilization in fir forest is evident in the regional pollen
data after ca. 1000 AD (Fig. 10). The textual sources make it clear
that this medieval pastoral economy continued in the later Middle
Ages (Popovi!c, 2012) and judging from the Plantago curves it must
have expanded even further in 1400e1500/1600 AD and again in
1700e1800 AD. These early modern expansion phases may have
had to do with the migration of Turcoman nomads into the Rho-
dope after 1500 AD (Raduschev, 2005) (for a detailed analysis of the
Macedonia-Rhodope pastoral economy during the last two thou-
sand years, see Izdebski et al., 2015).

Unfortunately, neither the regional pollen data (the temporal
resolution of which is ca. 100 years), nor the historical documents
make it possible to get beyond general trends and reconstruct
decadal-scale changes, while these might have led to the increased
deposition of the pollen produced by the mountain vegetation in
the North Aegean Sea. It is conceivable that the earliest peak (ca.
1500) had to dowith the longer-term impact of the Black Death and
the general worsening of the economic situation in the North
Aegean (some pastures would have been abandoned and mountain

Fig. 11. Relative changes in population numbers in selected sub-regions of Macedonia,
as revealed by the Athos archives. Source: (Lefort, 1991b).

A. Gogou et al. / Quaternary Science Reviews 136 (2016) 209e228 223



trees would grow again). The late 17th and 18th c. peaks (at ca.
1680, 1730, and 1800) fall into the Fagus (beech; as well as fir)
stabilization and decline recorded in the regional pollen data in-
between 1650e1900 AD. They are thus more difficult to interpret
in terms of purely anthropogenic causes. Rather, since they are
corresponding in time with cooler intervals in the SST record, they
seem to have been primarily climate-driven, even if these medium-
term cooling phases were mediated by human activities, as herders
might have limited their use of high mountain pastures due to the
more severe winters and cooler summers.

7. Conclusions

Our paleoclimatic study for the last 1500 years in the northern
Aegean, based on multi-proxy reconstructions from the M2 high
resolution marine multi-core along with a socio-environmental
analysis focused on important periods/events in the same region,
concludes as follows: The period from ca. 700 to 900 AD is featured
by relatively stable SSTs and a tendency towards higher precipita-
tion and thus increased supply from continental/riverine runoffs.
From ca. 1100 AD to 1300 AD, SSTs show an increasing trend and
independent multi-proxy evidence from biomarker, marine
microfossil and pollen indices, indicate a transition from arid-like
conditions towards more humid conditions. After 1600 AD, SSTs
exhibit a marked drop, stratification S-index decreases and marine
productivity increases, probably due to enhanced winter mixing
conditions following SST minima. The 19th century is marked by a
strong cooling event at 1832 ± 15 AD, possibly related to the ‘un-
known’ volcano eruption in 1809 and the April 1815 Tambora
eruption. The last 100 years of instrumental SST data are charac-
terized by rising SSTs, accompanied by enhanced terrigenous
inputs.

Intensified riverine/continental runoffs after ca. 1450 AD in the
north Aegean record, suggest humidity increase within the LIA and
drier conditions during the MCA. The SST peak at ca. 1600 AD is
related to wet conditions, supporting the concept of wet LIA in this
part of the eastern Mediterranean. When compared to other
eastern Mediterranean and Anatolian continental records, we
observe both similarities and differences in the hydroclimatic
patterns. This is in agreement with recent findings by Roberts et al.
(2012) and Cook et al. (2016), proposing that hydroclimatic patterns
at various periods and different regions in the Mediterranean have
been probably determined by a combination of different climate
modes along with major physical geographical controls. Further-
more, periods of rather increased stratification in the north Aegean
Sea (rise of the HPA and S- indices at ca. 950, 1150, 1450, 1600 AD),
marked also by simultaneous increase in the supply of terrigenous
material, highlight major flood events in the north Aegean, in line
with reports from previous studies in the eastern Mediterranean.

Potential links between the paleoclimatic and paleoenvir-
onmental information, as revealed by the comparison of the proxy-
based climate reconstructions of the north Aegean marine record
with regional and large scale climatological patterns, were inves-
tigated. Negative NAO/AMO and positive low frequency EA condi-
tions might have been of importance for the unexpected warm
spell around 1600 AD and inmid-1960s in the north Aegean Sea SST
record. However, no direct linear relationship can be inferred from
the analysis performed in this study, and further in-depth investi-
gation is needed.

The combination of the north Aegean paleoclimatic and and
paleoenvironmental proxy-reconstructions with the socio-
economic history of Macedonia and the Rhodope has highlighted
three important points: a) the comparison of the longer-term
patterns of demographic-economic growth (and decline) with the
climatic variability showed that fluctuations in temperature are

correlated with the development and decline of vine, olive and
walnut cultivation in the Macedonian highlands and the Rhodope
regions. Moreover, we observed significant temporal correlation
between periods of economic (agricultural and demographic)
growth and stable warming climate conditions; however, estab-
lishing causal links between climate and economy requires further
research, focused directly on the issues in question. b) the envi-
ronmental impact of the Black Death, which struck the region after
1348 AD, seems to have caused a major environmental change in
the north Aegean region, which was recorded in the M2 proxy-
reconstructions, and c) special attention was given to the devel-
opment of the pastoral activities in the mountains of the wider
North Aegean region, in order to distinguish between the anthro-
pogenic and climatic controls of mountainous vegetation in the
marine pollen record. Our findings suggest that the early modern
peaks in mountain vegetation visible in the M2 north Aegean core
were primarily climate-driven, while in the medieval period a
major factor that brought about the transformation of the Rhodope
landscapes was the development of the Vlach pastoral economy.
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