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a b s t r a c t

Lacustrine sediments are important archives for high resolution palaeoenvironmental reconstructions of
the Holocene. Despite the density of ancient cities and settlements along the western coast of Turkey, the
archives from coastal lakes in this area have until now not been recognized to their fullest potential and
are, therefore, only poorly studied.

The exceptional geo-bio-archive of Lake Belevi is located close to the ancient city of Ephesos in western
Turkey. Two sediment cores have been analysed using geochemical, sedimentological, microfaunal,
palynological, and archaeoparasitological methods. The in-depth study of these Holocene deposits is
supported by a robust age-depth model that used 33 radiocarbon dates and tephrochronology.

The results reveal the existence of a freshwater lake in the Early Holocene which turned brackish when
the rising sea level connected it with the sea. The delta evolution of the Küçük Menderes led to the re-
establishment of a freshwater lake. The natural vegetation was represented by open oak woodlands.
There are hints for first agricultural activities in the environs of Belevi as early as 8000 cal yr BP. Intensive
cultivation of Olea is proven since 3000 cal yr BP. Starting during the 3rd millennium BP, the human
impact with enhanced deforestation activities and correlative high sedimentation rates is attested for
sites such as Belevi (Ephesos), Elaia (Pergamon) and Miletos. For the first time, tephra from the eruption
of Minoan Santorini has been identified in the environs of Ephesos. This ash covered the vegetation by a
thick layer, wherefore low-growing plants were strongly affected. The comparison between the results
from the quasi natural area of Lake Belevi and the area around the city of Ephesos gives insights into the
development and use of the landscapes, the environmental changes as well as the duration and intensity
of the human impact.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Lakes are excellent geo-bio-archives for studying climatic and
environmental changes during the Pleistocene and the Holocene.
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Limnic sediments reflect changing climatic conditions brought
about by temperature and precipitation changes (Zolitschka, 2007).
The detailed analysis of pollen, plant remains, composition of iso-
topes, chemical parameters and sediments gives insights into the
regional climate changes, lake-level fluctuations, vegetation his-
tory, ecosystem evolution and the human impact since the
Neolithic (Dusar et al., 2011; Stock et al., 2015). In Turkey, inland
lakes, such as Lake Van (Wick et al., 2003), Lake G€olhisar (Eastwood
et al., 2007), Lake Tecer (Kuzucuo�glu et al., 2011), Lake Burdur
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(Tudryn et al., 2013), Lake Nar (Dean et al., 2015) and Lake _Iznik
(€Oztürk et al., 2015), have existed at least since the Pleistocene.
They render important information, e.g. on the history of the hu-
man occupation with agriculture and pastoralism (Dusar et al.,
2011; Wilkinson et al., 2014).

In contrast, lakes close to the present coastline were mostly
created as a result of Holocene sea-level rise and are therefore
much younger. Following the end of the last glaciation, the Holo-
cene transgression led to the formation of large marine embay-
ments. Along with the stabilization of the sea level during the mid-
Holocene, rivers in the Mediterranean Region started to form their
deltas. For the Aegean coast of Turkey as well as many other coasts
of the Mediterranean Sea, an increased delta advance is especially
evident during the Roman period. Examples of these are the deltas
of the Büyük Menderes (Brückner et al., 2002, 2017; Müllenhoff
et al., 2004), the Küçük Menderes (Kraft et al., 1999; Stock, 2015),
the Po (Simeone and Corbau, 2009) and the Rhône (Arnaud-
Fassetta, 2002). The major reason was most likely increased
deposition as a result of enhanced deforestation (Dusar et al., 2011;
Kaniewski et al., 2013).

In consequence of the delta progradation, coastal and relict or
peripheral lakes were formed, which represent parts of the former
marine embayment. Later, several of them turned into freshwater
lakes and persisted for quite some time. An example of a still
existing coastal lake is Las Madres (Zazo et al., 1996; Borja et al.,
1999) in southwestern Spain. Relict or peripheral lakes in West-
ern Turkey include Lake Bafa and Lake Azap in the Büyük Menderes
Graben (Müllenhoff et al., 2004; Knipping et al., 2008; Herda et al.,
2019) as well as Gebekirse G€olü, Akg€ol and Lake Belevi in the Küçük
Menderes Graben (Fig. 1). Functioning as sediment sinks with
permanent infill these lakes serve as favourable geo-bio-archives
for palaeoenvironmental reconstructions (Dearing et al., 2006).
Lake Belevi in the hinterland of the ancient city of Ephesos, which
was intensively studied bymeans of geoarchaeology (e.g., Brückner,
2005, 2019; Kraft et al., 2003; Stock et al., 2013, 2014, 2019), is an
example of such a relict lake (Stock et al., 2015). Due to its protected
location in the Küçük Menderes Graben, this lake has archived the
environmental history since the Early Holocene transgression.
Furthermore, its proximity to one of the most important and most
populated cities of the ancient world provides information on the
types and amount of human impact on the hinterland of Ephesos.
Therefore, this research focuses on the Holocene landscape evolu-
tion and vegetation history with special regard to human-
environment interactions as deduced from the geo-bio-archive of
Lake Belevi.

2. Study area

Located in western Turkey, ca. 60 km south of _Izmir, the study
area is part of the Aegean-Anatolianmicroplate.While the northern
drift of the Arabian microplate causes intense folding of the eastern
part of the Aegean-Anatolian microplate, its western part is sub-
dued to pressure reduction and a southwestern drift (Polat et al.,
2008). This is evidenced by the evolution of several grabens dur-
ing the Mio-Pliocene, e.g. the grabens of Gediz, Büyük and Küçük
Menderes (Doutsos and Kokkalas, 2000; Taymaz et al., 2007).

The Mediterranean climate is characterized by dry and hot
summers and humid and mild winters (Finn�e et al., 2011). Most of
the heavy rainfall occurs during the winter months. The mean
annual temperature of the city of Selçuk (11 km SW of Belevi) is
16.4 �C, and the average annual precipitation is 650e780 mm.
During the Antiquity, the climate in western Turkey was somewhat
colder and drier (Finn�e et al., 2011).

The vegetation of the study area is characterized by the Olea-
Ceratonion zone with wild olive (Olea europaea var. sylvestris (Mill.)
Lehr.) and wild carob (Ceratonia siliqua L.) as well as evergreen
sclerophyllous taxa (Allen, 2009). Today, intensive agricultural ac-
tivities dominate the fertile delta plain while macchia is found on
degraded soils with Pistacia lentiscus L., Quercus coccifera L., Erica
arborea L., Arbutus and different Cistus species. More strongly
degraded areas are dominated by phrygana (e.g., Sarcopoterium
spinosum (L.) Spach and different cushion plants). Phillyrea latifolia
L., Pistacia terebinthus L. and Quercus coccifera appear predomi-
nantly at elevations >300m. Pinus brutia Ten., typical for the coastal
region, is widespread not only on degraded soils but also on these
elevations. Agricultural and deforestation activities become evident
since the Bronze Age and especially during the Hellenistic and
Roman periods (Dusar et al., 2011; Wilkinson et al., 2014).

Lake Belevi is located within the Küçük Menderes Graben, ca.
20 km east-northeast of the present coastline and ca. 14 km east of
Ephesos (Fig. 1). The graben is flanked by the Bozda�g and the Aydın
Mountain Ranges to the northwest and southeast, respectively. In
the direct vicinity, the mountains rise to a max. height of 253 m.
They mostly consist of mica schists and marbles (Akat and Başarir,
1981).

Lake Belevi has an average northeast-southwest extension of ca.
2.5 km and a northwest-southeast extension of ca. 1 km. However,
the surface area and volume of this very shallow lake vary
considerably; but even after the arid months of the summer its
maximum water depth still amounts to a few metres (Fig. 1). The
Kurutma Canal (6 m wide), built for draining the plain, crosses the
lake. It is connected to the Küçük Menderes River (length: 174 km,
catchment area: 3586 km2; Akbulut et al., 2009), which follows the
graben structure and debouches into the Aegean Sea. Several
quarries in the mountains to the north and west of the lake indicate
the importance of this area for the nearby ancient city of Ephesos.
Marble has been extracted from there since the Antiquity
(Prochaska and Grillo, 2009). It was used for several buildings in
Ephesos but not for the early Hellenistic Mausoleum of Belevi,
which is located next to the southern margin of the lake and has
recently been studied in detail (Ruggendorfer, 2016; Prochaska,
2016; Heinz, 2017).

3. Methods

3.1. Fieldwork

Two sediment cores were retrieved from the southwestern
lakeside with the percussion corer Cobra pro (Atlas Copco Co.;
closed tubes, length: 100 cm, diameter: 6 cm): Eph 269 directly at
the shore (easting: 40230.272, northing: 4209944.135) and Eph 375
about 180 m away from the shore in the dried out part of the lake
(easting: 40160.801, northing: 4209797.725; coordinates in Ephe-
sos Reference Frame 1998 (ERF98); Klotz and Schirmer, 1997; Klotz,
1997). The sediment sequences have a total length of 15.40 m (Eph
269) and 15.60 m (Eph 375), respectively (Fig. 2).

3.2. Laboratory work

Closed sediment cores were opened in the laboratory of the
Institute of Geography of the University of Cologne and sampled in
intervals of 2e15 cm for detailed sedimentological, geochemical,
microfaunal, palynological and archaeoparasitological analyses.

3.2.1. Sedimentological, geochemical and microfaunal analyses
All samples were dried for 72 h at 40 �C, then pestled and sieved

(<2 mm for sedimentology and geochemistry). After the removal of
the organic content using 15% H2O2, granulometric measurements
were conducted with a Laser Diffraction Particle Size Analyzer (LS
13320 Beckmann Coulter; 116 channels from 0.04 to 2000 mm).



Fig. 1. Research area. A: Overview map of the environs of Ephesos and Lake Belevi (own design; source: Esri Digital Globe, GeoEye, Earthstar Geographics, CNES/Arirbus DS, USGS,
AeroGRID; IGN and the GIS User Community). B: Southern shores of Lake Belevi, view in northeastern direction. Note the extended reed areas, which are cut for the production of
wattlework (photo: Laermanns, 14 September 2011).
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Grain-size parameters are based on Folk andWard (1957) and were
calculated with GRADISTAT software version 8 (Blott and Pye,
2001). Magnetic susceptibility (MS) was measured with a Bar-
tington MS2B instrument. Both cores were analysed for C/N (¼TOC/
N; after Meyers and Teranes, 2002). A total of 119 samples were
homogenized, weighed in tin boats and measured with a vario EL
cube (Elementar Analysensysteme GmbH, Hanau, Germany). At
first, total carbon (TC) and nitrogen (N) were determined, then
another aliquot of each sample was treated with 10% HCl for
measuring the total organic carbon (TOC).

X-ray fluorescence analysis was conducted on core Eph 269with
an Itrax Core Scanner (Cox Analytical Systems, Sweden; Croudace
et al., 2006) in 2 mm resolution, equipped with a 1.9 kW chro-
mium (Cr) X-ray tube set to a voltage and current of 30 kV and
30 mA, and an exposure time of 20 s.

For microfaunal analyses, 94 samples (ca. 2 cm3) with a weight
of 5e10 g each were taken from sediment core Eph 269 and 22
samples from Eph 375. Each sample was wet-sieved with a 100 mm
and a 63 mm sieve. Up to 300 individuals per sample were counted
and examined for foraminifers according to Meriç et al. (2004) and
for ostracods according to Meisch (2000) and Handl et al. (1999). In
both sediment cores, 12 species of foraminifers and 19 species of
ostracods were identified.
3.2.2. Palynological analysis
For pollen analysis, 1e3 cm3 sediment material from 81 samples

of core Eph 269 were treated as described in Eisele et al. (1994).
Heavy liquid separationwas applied to samples with a highmineral
part (Eisele et al., 1994), while samples with a low mineral part
were treated with HF. Tracer spores (Lycopodium) were added to
each sample for calculating the pollen concentration. All samples
were cleaned by ultrasonic sieving with a 7 mm mesh. Pollen and
spore identification was based on the collection of recent pollen
and spores at the Institute of Botany, University of Hohenheim
(Stuttgart, Germany) and followed Beug (2004), Moore et al. (1991)
and Reille (1992, 1995). In most cases, the counting of at least 300
terrestrial pollen grains (excluding Poaceae) was exceeded. Calcu-
lation of the results and plotting of the pollen diagram were done
using the software FAGUS (University of Innsbruck, Austria).

3.2.3. Archaeoparasitological analysis
Seven samples from Eph 375 (core section 0.02 m below sea

level (b.s.l.; 3.61 m below surface (b.s.) to 1.79 m above sea level
(a.s.l.; 1.80 m b.s.)) were dispersed in 5 ml of phosphate borate-
saline buffer (PBS) pH 7.2, supplemented with 100 ml of a pH
neutral detergent (Tween 80). The suspension was centrifuged at
1500 rpm for 5 min at room temperature, and the pellet then



Fig. 2. Images of the sediment cores Eph 269 and Eph 375 (photos: Stock, 2011, 2013). Confined by red bars: Santorini tephra. Note that in most cases the coring progress was only
80 cm in order to have an overlap from one core-metre to the other to avoid collapsed material. Eph 269 is located at 3.46 m a.s.l., Eph 375 at 3.59 m a.s.l. Core sections with oblique
hatching: collapsed material or void of sediment due to compaction. (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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suspended in 5 ml of a mixture of 89.1% PBS buffer, 9.1% glycerol
and 1.8% trypan blue solution (0.4%, GIBCO). This suspension was
poured through a standard household sieve and thereafter through
a sieve with a 380 mm mesh size, both thourougly cleaned before
use. 100 ml of the suspension was meticulously screened in a mi-
croscope with a magnification of 100x, using transmitted light and
two types of UV light (450e520 nm and 352e448 nm). At least
three separate preparations of each sample were evaluated. Para-
site stages were identified according to Hassl (2016, 2020) counted,
and their abundance calculated, if applicable. The calculated
lowermost limit of detection was 37 biofacts per gram of sample
material.
3.2.4. Tephrochronological analysis
Both cores contain visible tephra (volcanic ash) layers that were

sampled for glass geochemical studies in order to enable the
comparison with dated volcanic events. A total of two tephra
samples from each of the cores Eph 269 (2.69e2.22 m b.s.l.;
6.15e5.68 m b.s.) and Eph 375 (1.84e1.77m b.s.l.; 5.43e5.36 m b.s.)
were sieved into a 20e100 mm grain size fraction, embedded in
Epoxy resin (Araldite, 2020), sectioned and polished for electron
probe microanalysis (EPMA). Major element compositions of indi-
vidual glass shards were obtained on a wavelength dispersive
spectrometer (WDS) JEOL JXA-8230 probe at the GFZ Potsdam us-
ing an accelerating voltage of 15 kV, a beam current of 10 nA and
beam sizes of 8 mm (samples of Eph 375) and 10 mm (sample of Eph
269). Exposure times were 20 s for the elements Fe, Cl, Mn, Ti, Mg
and P, as well as 10 s for Si, Al, K, Ca and Na, analysed first.
Instrumental calibration used natural mineral and the Lipari
obsidian glass standards. Geochemical data were normalized to
100% on awater-free and volatile-free basis prior to being plotted in
bivariate compositional diagrams and then compared with pub-
lished tephra glass chemical data.
3.2.5. Radiocarbon dating
The chronostratigraphy is constrained by 33 ages of AMS-14C

dated organic material, bulk sediments and shell fragments
(Table 1). The age-depth models for both sediment cores were
calculated by using the R-based software Bacon 2.2 integrating all
14C age estimates (Blaauw and Christen, 2011). All ages not fitting in
this range were marked as outliers.
4. Results

4.1. Sedimentology and geochemistry

Both sediment cores reveal a similar lithology which can be
divided into seven units (AeG) (Fig. 3). The lowermost unit A (only
in Eph 375) is characterized by poorly sorted light olive brown silty
sands with angular stones (quartz, mica schist). The unit is almost
void of Ca, and C/N is constantly low (1e2). Above, grey sandy silts
with shell debris and angular stones at the bottom appear in both
sediment cores (unit B1). In Eph 375, this layer is intercalated by
organic-rich, very poorly sorted sediments (4; all sorting numbers
according to Folk and Ward, 1957). Geochemistry reveals a slightly
higher C/N ratio (~2.4), high values of K, Fe, S and Ti/Zr as well as
low Ca contents. Unit B1 is overlain by grey silts (poorly sorted: 3)
with a rising C/N ratio (~10), K and Fe contents that remain high and



Table 1
Radiocarbon ages. The age estimates are presented as conventional and calibrated ages and calculated with a standard deviation of 2s (probability of 95.5%). All ages were
calibrated with Calib 7.1 (data set: IntCal13; Reimer et al., 2013). Marine samples were corrected with a marine reservoir effect of 390 ± 85 years and DR ¼ 35 ± 70 years (for
mollusc shell Cerastoderma glaucum; Siani et al., 2000). Depth b.s. (below surface); depth b.s.l./a.s.l. (below/above sea level). UGAMS: Center for Applied Isotope Studies,
University of Georgia, USA; UBA: The 14CHRONO Centre, Queen’s University Belfast, UK. The numbers in brackets are rejected ages.

Sample code Laboratory code Unit Depth m b.s. Depth m b.s.l./a.s.l. Material d13C (‰) 14C age yr BP Age cal yr BP

Eph 269/228-230 UBA-34931 D 2.29 1.17 bulk sample �25.6 569 ± 34 650e520
Eph 269/252 UGAMS-13567 D 2.52 0.94 organic matter �8.7 1130 ± 20 1080e960
Eph 269/317 UBA-34849 D 3.17 0.29 peat �27.8 1960 ± 25 1910e1860
Eph 269/377 UBA-37376 D 3.77 �0.31 bulk sample �24.6 7234 ± 38 (8200e8160)
Eph 269/401-406 UBA-34850 D 4.03 �0.57 rhizome �26.3 2352 ± 31 2490e2320
Eph 269/426 UBA-37375 D 4.26 �0.8 seed, nutshell (Corylus) þ plant �23.8 2462 ± 33 2719e2370
Eph 269/470 UBA-37374 D 4.7 �1.24 seed, nutshell (Corylus) þ plant �28.5 2449 ± 31 2704e2361
Eph 269/508 UBA-34851 D 5.08 �1.62 peat �30.6 2498 ± 47 2750e2380
Eph 269/530 UBA-34852 D 5.3 �1.84 peat �30.5 3677 ± 38 (4150e3890)
Eph 269/550 UBA-34853 D 5.5 �2.04 peat �26.2 2981 ± 30 3330e3060
Eph 269/564 UBA-34854 D 5.64 �2.18 peat �20 3553 ± 36 3970e3710
Eph 269/609 UBA-34855 F 6.09 �2.63 peat �22.6 3086 ± 43 3390e3170
Eph 269/690 UBA-37377 D 6.9 �3.44 seed, nutshell (Corylus) þ plant �27.1 3670 ± 32 4090e3902
Eph 269/799-802 UBA-34856 D 8.01 �4.55 freshwater snail (Gyraulus) �8.1 5512 ± 30 6400e6270
Eph 269/968 UBA-34857 C 9.68 �6.22 Characeae oogonia �17.5 7419 ± 43 (8350e8170)
Eph 269/1021 UGAMS-13570 B2 10.21 �6.75 shell (Cerastoderma glaucum) �4.6 6440 ± 30 6670e6281
Eph 269/1233-1237 UBA-34858 B2 12.35 �8.89 charcoal �20.9 6575 ± 37 7570e7420
Eph 269/1315 UGAMS-13568 B2 13.15 �9.69 shell �8.7 6760 ± 30 7094e6631
Eph 269/1420 UBA-34859 B2 14.2 �10.74 rhizome �23 7471 ± 38 8380e8190
Eph 269/1496 UGAMS-13569 B2 14.96 �11.5 organic matter �27.4 7320 ± 30 8290e8030
Eph 375/193 UBA-34870 D 1.93 1.66 peat �26.6 1257 ± 29 1280e1080
Eph 375/231-233 UBA-34871 D 2.32 1.27 peat �27.3 1763 ± 33 1810e1560
Eph 375/290 UBA-34872 D 2.9 0.69 peat �28.2 2167 ± 29 2310e2060
Eph 375/353 UBA-34873 D 3.53 0.06 peat �25.5 2435 ± 28 2700e2350
Eph 375/528 UBA-34874 D 5.28 �1.69 wood �30.2 3187 ± 33 3480e3350
Eph 375/593 UBA-34875 D 5.93 �2.34 peat �28.7 1768 ± 37 (1820e1570)
Eph 375/690 UBA-34876 D 6.9 �3.31 peat �28.4 4781 ± 34 5600e5330
Eph 375/754 UBA-28141 C 7.54 �3.95 wood �29.4 3393 ± 31 (3710e3560)
Eph 375/905 UBA-34877 B2 9.05 �5.46 shell (Cerastoderma glaucum) �9 6319 ± 36 6570e6166
Eph 375/998 UBA-34878 D 9.98 �6.39 peat �21.4 6455 ± 37 7440e7290
Eph 375/1018 UBA-34879 D 10.18 �6.59 peat �26.4 6848 ± 40 7790e7600
Eph 375/1150 UBA-28142 B2 11.5 �7.91 seed, nutshell (Corylus) þ plant �29.4 7220 ± 45 8160e7960
Eph 375/1173 UBA-28144 B1 11.73 �8.14 seed, nutshell (Corylus) þ plant �28.2 7326 ± 54 8310e8010
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a decrease in Ca (unit B2). Especially at the top of this unit, there are
increased peaks in MS. A layer of mica-rich fine sand (~50 cm) is
intercalated in the silts in Eph 269 and in peat in Eph 375.

Unit B2 is followed by a 1.07 cm (Eph 375) to 1.72 cm (Eph 269)
thick yellowish brownish, very poorly sorted silts with an increased
sandy component (unit C). MS, Fe and K decrease significantly,
whereas C/N rises up to 20, and Ca and Fe/Mn reach their highest
values of the core. Organic-rich (peaty) layers with a silty compo-
nent are characteristic for unit D in both drill cores from 5m b.s.l. to
2 m a.s.l. MS and Ca have the lowest values of the sequence,
whereas C/N (up to 30) and Ti/Zr (up to 3 k) ratios rise. Several dark
grey clayey silt layers of 2e20 cm thickness are intercalated in the
organic-rich strata, correlating with peaks of MS (unit F). Ca de-
creases considerably, whereas Ti and Fe/Ca peaks occur. The middle
part of unit D displays a discrete tephra layer (unit E), which has a
thickness of ~7 cm in core Eph 375 and ~47 cm in Eph 269. The
latter comprises a ~3-cm-thick basal primary ash deposit (fallout
tephra) and a more than 40-cm-thick overlying reworked tephra
mixed with limnic sediments.

Homogeneous olive brown silts with the best sorting (2.8) and
with oxidation spots characterize the uppermost part of both drill
cores (unit G). Ca and C/N are low, while Fe, Ca/Fe and MS rise
considerably in this unit.
4.2. Micropalaeontology

The most common foraminifer and ostracod species are
Ammonia tepida (Cushman,1926) and Cyprideis torosa (Jones, 1850),
respectively (Fig. 4). Both species live in brackish environments
such as lagoons. Less dominant are five other brackish foraminifers
and one ostracod species. Limnic ostracods are represented by 13
species, dominated by Candona spp. Some of the identified fresh-
water ostracods are salt tolerant and common inwater bodies close
to the coast. Salt-tolerating ostracod species were detected in the
lower parts of both cores (units B1, C). In contrast, less salt-
tolerating species occur in the upper part (unit D). Only six
different species of marine foraminifers and four different species
of marine ostracods were found in the lower part of the profile (unit
B2), reflecting a stronger marine influence. Sudden shifts in the
microfaunal assemblages roughly coincide with the different
depositional layers described in section 4.1. The results of the
microfaunal analysis were compared with grain size and organic
content and combined for statistical evaluation by using a principal
component analysis (PCA), implemented using the program PAST
(Hammer et al., 2001, Fig. 9).
4.3. Palynology and archaeoparasitology

Palynological analyses have been conducted for Eph 269 (Fig. 5,
Supplement 1) and for some selected samples of Eph 375. Fig. 5
shows all terrestrial pollen types (100%) in the main diagram on
the left side, and single curves on the right side. Arboreal and non-
arboreal pollen types are separated by a thick line. Among the
arboreal pollen, the curves of deciduous and evergreen Quercus as
well as Olea are displayed, while the right side shows the remaining
non-arboreal pollen, Chenopodiaceae-type, Poaceae and Artemisia.
The main diagram is followed by single curves of several pollen
types. All terrestrial taxa are included in the basic sum, while



Fig. 3. Stratigraphy, sedimentology and geochemistry as well as 14C age estimates of corings Eph 269 and Eph 375. 14C age estimates in brackets and grey were not considered for
the age-depth models.
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Fig. 4. Distribution of foraminifers and ostracods as well as differentiation into ecozones for sediment cores Eph 269 and Eph 375.
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Fig. 5. Pollen diagram of sediment core Eph 269 from Belevi. The scale is always 5% with 10x exaggeration (thin line).
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wetland plants, indeterminables and heavily corroded pollen,
spores, and algae are excluded. Poaceae were included in the
terrestrial sum, though a differentiation between local and non-
local inputs is not possible. Terrestrial pollen types are drawn
with filled curves while the excluded types are shown using cross-
hatched curves. Only the most frequent or important taxa are
presented (the total pollen count is in Supplement 1).

The pollen concentration varies widely depending on the sedi-
ment type and their sources. Therefore, the preservation of pollen
grains is extremely variable, which was accounted for by clustering
them into different preservation groups during counting. Samples
with a high content of fluvial material of the Küçük Menderes River
reveal in many cases low pollen concentrations along with high
amounts of indeterminables or poorly preserved palynomorphs,
spores from Isoetes and Pteridium, and pollen of Artemisia (local
pollen zones (lpz) 1a,1c; sediment units B1, B2).Moreover, in lpz 1a
(sediment unit B1) up to 5% of Cerealia-type pollen were counted.
In contrast to the fluvial-influenced samples, high pollen concen-
trations were detected in samples with high organic contents (lpz
3a, 5e11a; sediment unit D). However, sweet grasses (Poaceae),
Chenopodiaceae-type and Artemisia dominate the (non-arboreal)
pollen spectra throughout the whole sediment sequence. While
most of the Poaceae pollen can be considered of autochthonous
origin, a large share of Artemisia pollen is probably allochthonous
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and brought in by fluvial transport along with many indeterminate
pollen grains. Among the arboreal pollen, deciduous oaks domi-
nate; moreover, fewer amounts of river-related taxa (Platanus ori-
entalis L., Alnus orientalis Decne., Fraxinus angustifolia Vahl, Ulmus
campestris L., Salix, Tamarix, Vitis sylvestris C.C. Gmel. and Vitex
agnus-castus L.; Kürschner et al., 1995) and very fewmacchia pollen
were counted (lpz 1e3, 5e7). Fragments of charred plant remains
rise to the top in variable amounts (lpz 3, 5e11a). Of special interest
is a strongly reduced pollen concentration at a depth of
2.68e2.24 m b.s.l. (lpz 12; sediment unit E): besides a few pollen
grains, only tracer spores of Lycopodium and volcanic glass shards
are found. These few pollen grains are from deciduous oaks
(Quercus) and alder (Alnus). Only a few herbs and grasses occur and
some taxa are absent (e.g., Cladium-type, Plantago, Urtica, Isoetes).

Pollen from deciduous oaks dominate the arboreal taxa up to
1 m b.s.l. (lpz 6). An initial slight increase in Olea pollen can be
observed from lpz 2 upwards, if Poaceae as local elements are
excluded from the calculation. A considerable increase in Olea,
Juglans, Castanea, evergreen oak, Cannabis and poppy pollen occurs
in lpz 8e10b (sediment unit D). Along with the decline of Olea
pollen, Pinus pollen increases (lpz 11e12; sediment unit G). A well-
preserved egg of a capillariid nematode, morphologically most
similar to the egg of Capillaria aerophila syn. Eucoleus aerophilus
(Creplin, 1839) was found at 0.79 m a.s.l. in core Eph 375 along with
some related fragments of a nematode egg with a similar external
morphology (1.79 m a.s.l.).
4.4. Chronological data

4.4.1. Tephrochronology
Sediment core Eph 269 contains a 47 cm thick, white-beige

tephra layer at 2.69e2.22 m b.s.l. (6.15e5.68 m b.s.). While the
volcanic glasses are pure in the basal part (2.69e2.66 m b.s.l.;
6.15e6.12 m b.s.), they are mixed with limnic deposits in the upper
part. A similar beige-greyish tephra layer was found in sediment
core Eph 375 at 1.84e1.77 m b.s.l. (5.43e5.36 m b.s.). A large
number of glass shards was analysed from each tephra layer, i.e.
n ¼ 143 in core Eph 269 and n ¼ 78 in core Eph 375. Both sample
sets reveal an identical homogeneous calc-alkaline, rhyolitic glass
composition with concentration ranges in SiO2 and Al2O3 of
73.4e75.6 wt % and 13.3e14.3 wt % (normalized, water- and
Fig. 6. Geochemical bi-plots of glass compositions of tephra layers from the cores Eph 269 a
(B) comparisonwith potential tephra correlatives from Eastern Mediterranean volcanoes obt
Tuff: Federman and Carey, 1980; Acig€ol: Tomlinson et al., 2015; Nisyros: Tomlinson et al., 20
et al., 2008; Wulf et al., 2020). Right side (C): Backscattered electron (BSE) image of volcani
(lower right image).
volatile-free data), and FeO and CaO values of 1.7e2.3 wt % and
1.1e1.6 wt %, respectively (Fig. 6, Supplement 2).

4.4.2. Radiocarbon dating
In total, 33 radiocarbon dates were obtained on peat, bulk

sediments, nutshells (Corylus) and seeds from both sediment cores.
In case of Eph 269, the calibrated ages cover a time span between
8290 cal yr BP (11.5 m b.s.l.) and 520 cal yr BP (1.17 m a.s.l.). For Eph
375, ages between 8310 cal yr BP (8.14 m b.s.l.) and 1080 cal yr BP
(1.66 m a.s.l.) were determined. The autoregressive gamma calcu-
lations of the Beacon Software excludes five age estimates for Eph
269 and two for Eph 375 from the derived age-depth model (Fig. 7;
Blaauw and Christen, 2011). Therefore, these outliers were
excluded from the age-depth model. Outliers with younger age
estimates in particular, may be related to contamination during
drilling. Alternative explanations may involve bioturbation and the
use of bulk samples.

5. Discussion

5.1. Facies determination

Seven different depositional facies and ecozones were deter-
mined for both sediment cores based on sedimentological,
geochemical and microfaunal data (Figs. 3 and 4) as well as their
statistical evaluation Fig. 8). A clear distinction can be made be-
tween brackish/marine samples of unit B2 and the limnic ones. The
PCA shows no difference between limnic sediments of units B1 and
D. While the amount of organic matter is high in the limnic-phytal
zone of unit D, the limnic sediments are characterized by a higher
amount of sand. Factor 1 (PC 1, 37%) reflects salinity and is typical
for a marine coastal environment. Due to the trigonal distribution
pattern, factor 2 (PC 2, 26%) can be correlated to a primary factor
such as temperature, suggesting climate variability.

5.1.1. Unit A: pre-Holocene to Early Holocene terrestrial sediments
(until 8400 cal yr BP)

The sediments of this unit are characterized as light reddish
brown silty sands with angular quartz and mica schist and are only
present at the base of core Eph 375. They are older than 8300 cal yr
BP and hence probably originate from the Late Glacial to Early
nd Eph 375 for (A) petrological classification (TAS diagram after Le Bas et al., 1986), and
ained from the literature (Erciyes Da�g: Hamann et al., 2010; Yali-C, Yali-1,3,4 Kos Plateau
12; Cape Riva/Y-2: Wulf et al., 2002; Minoan/Z2: Federman and Carey, 1980; Kwiecien
c glass shards of tephra samples from cores Eph 269 (upper right image) and Eph 375



Fig. 7. Age-depth models for the sediment cores Eph 269 and Eph 375 from Lake Belevi (construction of the curves according to Blaauw and Christen, 2011). Depth in metres below
surface (b.s.) and metres below/above sea level (b.s.l./a.s.l.).
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Holocene periods. The samples bear some traces of iron oxide and
are barren of microfossils. These brown poorly-sorted heteroge-
neous sediments (3e5; Folk and Ward, 1957) are of terrestrial
origin and most likely represent a colluvium (see Stock et al., 2013).
The angular stones were probably transported by heavy rainfall or
floods from the surrounding mountains and the hinterland. No
evidence of fluvial origin is present. The lack of pollen grains can be
explained by a terrestrial environment in which pollen grains do
not preserve over a long period.

5.1.2. Unit B: limnic-brackish and brackish-marine environments
5.1.2.1. Subunit B1: limnic-brackish facies (8400-8000 cal yr BP).
The subunits B1 and B2, formed of grey sands and silts, are
distinguished by their microfauna assemblage: subunit B1, dating
from 8400 to 8000 cal yr BP, is dominated by limnic-brackish os-
tracods (esp. Candona spp.). Scarce species of brackish-marine
foraminifers (only in core Eph 269: Ammonia spp., Haynesina ger-
manica (Ehrenberg, 1840)) point to a freshwater-brackish envi-
ronment. The few salt-tolerating species are typical of a nearshore
habitat. The low C/N ratio indicates an autochthonous aquatic
origin (Kaushal and Binford, 1999; Meyers and Lallier-Verg�es, 1999;
Meyers and Teranes, 2002; Cohen, 2003). The high CaCO3 value
originates either from authigenic precipitation or the presence of
other calcareous organisms (Kuzucuo�glu et al., 2011; Francke et al.,
2013). Elevated K and Fe values refer to detrital input from the
environs (Arz et al., 1998; Kujau et al., 2010). Thus, a lake developed
ca. 8400-8000 cal yr BP. In core Eph 375, subunit B1 is intercalated
by peat (6.50e6.20 m b.s.l.) pointing to the start of siltation at the
shores of the lake. Deciduous oaks (Quercus robur/cerris-type) seem
to represent the natural vegetation. More than 5% of Cerealia-type
pollen and a single grain of Linum usitatissimum-type in the lowest
pollen sample indicate agricultural activities already at ca. 8400 to
8000 cal yr BP (Stock et al., 2015). However, a differentiation be-
tween cultivated and wild cereal grains is not possible (Bottema
and Woldring, 1990; Behre, 1990). If the Cerealia-type pollen
relate to cultivation, they likely originate from the hinterland from
where they were transported into the lake system by fluvial
processes.

5.1.2.2. Subunit B2: brackish-marine facies (8000-7000 cal yr BP).
Subunit B2 is characterized by abundant brackish-marine fora-
minifers (A. tepida, Ammonia parkinsoniana (d’Orbigny, 1839), H.
germanica) and ostracods (C. torosa, Candona spp., Leptocythere sp.,
Paradoxostoma sp.). Especially A. tepida and C. torosa indicate ma-
rine conditions, correlating with the marine transgression in this
area. The results reveal, due to the shift in the coastline, that the
lake must have been connected to the sea from ca. 8000 to
7000 cal yr BP. While the sea harbour city of Ephesos was later
founded nearly 15 km further to the southwest (Kraft et al., 2005;
Stock et al., 2016), it is noteworthy that within the Küçük Menderes
Graben the coastline once reached as far inland as Belevi, i.e. 20 km
to the northeast of the present Aegean Sea. The peaks of magnetic
susceptibility as well as the high K and Fe values point to an
enduring detritic input from the nearby environs and the catch-
ment of the Küçük Menderes. This is also indicated by high
amounts of indeterminate pollen grains, Isoetes and Artemisia
transported by the river as well as poorly andwell-preserved pollen
(eroded soil/sediments). One pollen grain of Linum usitatissimum-
type (self-pollinated, producing few pollen), which has been
cultivated in the Eastern Mediterranean region since the early
Neolithic (Zohary et al., 2012), as well as Cerealia-type and Secale
pollen (weed cereal) may indicate early agricultural activities in
this area. Four wild species of Secale are described in Anatolia
(Zohary et al., 2012), they can grow as weed in wheat fields, on
roadsides or in orchards. Secale was not cultivated on purpose but
its development benefited from agricultural activities. Deciduous
oaks most likely continue to represent the natural vegetation.

5.1.3. Unit C: coastal lake (7000-6700 cal yr BP)
A distinct boundary separates unit C from the underlying sub-

unit B2. The unit C layer is dominated by Ca and a rising C/N ratio.
The strong decrease in marine and brackish-marine species



Fig. 8. Principal Component Analysis (PCA) with microfauna, loss of ignition (LOI) and sand samples of Eph 269 und 375. Large circles represent brackish (medium blue), limnic
(light blue) and limnic-phytal (green) environments. Small circles represent selected samples from the drill cores (Eph 269: outer white circle; Eph 375: outer and inner white
circles). Purple: brackish samples; yellow/olive, green: limnic samples; medium green: limnic-phytal samples; purple-yellow: brackish sample in peat of Eph 269; blue: load of the
parameters (species), green-red: sand and organic content. PC 1: salinity, PC 2: temperature. (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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(especially foraminifers) occurred after the lagoon became
disconnected from the sea and the river, thus when a coastal lake
developed. Lacustrine conditions are indicated by freshwater and
lagoonal ostracods C. torosa, Candona sp. and H. salina and the
freshwater gastropod Gyraulus sp. (Charpentier, 1837) This led to
strong fluctuations in the salinity which only some species such as
A. tepida and C. torosa could tolerate. An increase in aquatic and
swamp plants (macro remains of Ceratophyllum, Najas, Cladium
mariscus (L.) Pohl) suggest still water conditions. Moreover, the
river most likely changed its course as only very few indeterminate
pollen grains and spores of Pteridium and Isoetes are present.
Cerealia-type (probably as cereal) and other pollen taxa repre-
senting agricultural activities decrease. This may be the result of the
lack of fluvial input as these pollen probably originated from the
hinterland. An influence of pastoral farming with Pistacia, Sarco-
poterium-type, Cistus, Juniperus-type, Plantago lanceolata-type and
Plantago sp. is possible. Without counting Poaceae (as of local
origin), more than 5% Olea are present indicating a possible onset of
olive tree cultivation (Behre, 1990; Beug, 1961; Bottema and
Woldring, 1990). The tree-pollen assemblage continues to be
dominated by deciduous oaks.

5.1.4. Unit D: peat layers (6700-1000 cal yr BP)
Several peat layers, whose development requires low lakewater

level, abundant aquatic and terrestrial plants (Meyers and Lallier-
Verg�es, 1999; Meyers and Teranes, 2002) and a low energy envi-
ronment with anoxic conditions (Turney et al., 2005) indicate
repeated siltation of the lake. The granulometry of the silty material
within the peats is heterogeneous with a poor sorting. The reason
may be sediment input from the surrounding slopes. Fluvial input is
marginal as Isotetes and Pteridium spores are scarce. The C/N ratio
rises, while high values of indeterminate pollen grains and iron also
indicate erosion from the catchment slopes. The high C/N ratio
points to the presence of terrestrial plants (Meyers and Teranes,
2002) and are typical for peat bogs (Haberl et al., 2006). The
ostracod diversity of limnic species is a clear indication of fresh-
water conditions of this formerly closed lagoonal lake as repre-
sented in the underlying unit C. In the lower part of unit D, phytal
species such as Cyclocypris laevis (O.F. Müller, 1776) Sars, 1890 and
Pseudocandona sucki (Hartwig, 1901) Danielopol 1980 indicate the
beginning of siltation of the water body. Swamp and aquatic plants
as well as abundant burnt plant remains are present. It is not clear if
the fire residues are a product of natural or human-induced fires in
the dry swamp.

In the upper peat layers of unit D, percentages of Olea pollen
increase from 2500 cal yr BP onwards, with one drop and a rise of
pastoral farming and/or burning activities at the end of the 3rd
millennium BP. Furthermore, Juglans (walnut) was cultivated, and
the occurrence of Cannabis and Castanea has been proven. Vitis
(grapevine) pollen are less abundant. Therefore, a cultivation of
wine cannot be confirmed for the closer environs. In contrast to the
wild wine, which is dioecious and wind pollinated, the modern
cultivated wine is monoecious and entomophilous. Therefore, a
decrease in Vitis pollen does not prove the absence of viticulture



Fig. 9. Comparison of the three sites Belevi (this paper), Elaia (Shumilovskikh et al.,
2016), and G€olhisar (Eastwood et al., 1999b) with selected pollen spectra: Olea,
Pinus, deciduous Quercus-type (Belevi), Quercus robur-type (Elaia) and Quercus cerris-
type (G€olhisar). The different pollen concentrations are represented in % and plotted
against age (up to 8500 years BP).
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either. Bottema and Sarpaki (2003), for example, found only a few
pollen even in surface samples of a modern-day vineyard.

In the uppermost part of the peat layers, the amount of Olea
pollen decreases, while there is an increase in Pinus pollen. This
may hint at an almost treeless vegetation since Pinus pollen can be
transported over large distances (Lang, 1994). Another possible
scenario would be that pine trees spread subsequently on aban-
doned land similar to Ephesos (Stock et al., 2016), Elaia
(Shumilovskikh et al., 2016) or in the environs of the Dead Sea
(Heim et al., 1997; Leroy, 2010).

In the peat layer of Eph 375 at ca. 2000 cal yr BP (0.79 m a.s.l.),
the detection of a nematode egg, attributable to a species of the
family Capillariidae Railliet, 1915 (roundworms), is remarkable
because their abundance in the sediment is typically extremely low.
Since the egg morphology of capillariid parasites of several free-
living or wild host animals is unknown, there is a reasonable
chance that the egg may have been produced by an unidentified
helminth. C. aerophila is a very common lung parasite of foxes
Vulpes spp. Frisch, 1775, wolves (Canis lupus, Linnaeus, 1758), do-
mestic dogs (Canis lupus familiaris), and other carnivorous mam-
mals. It is a currently ubiquitous and prevalent, obligatory parasitic
nematode with a direct life cycle that is spread by domestic animal
keeping. The lack of polar plugs on the egg disproves a recent
embedding of the biofact. However, a carry-over of a recent relic in
the course of sampling or of a deep deposition of dog feces by rain
runoffs cannot be refuted for this particular case.
5.1.5. Unit E: tephra layer (ca. 3560 cal yr BP, 1610 ± 15 BC)
The major elements of the glass that composes the tephra layer

found in cores Eph 269 and Eph 375 (unit E) are identical and
typical for Aegean Arc volcanoes, in particular for the ash from
Santorini (e.g., Federman and Carey, 1980; Kwiecien et al., 2008;
Wulf et al., 2020; Fig. 6). The Plinian Minoan eruption occurred at
3560 ± 15 cal yr BP, i.e. 1610 ± 15 BC (Friedrich et al., 2006) and
widely dispersed tephra towards the east (e.g., Athanassas et al.,
2018) and northeast (e.g., Druitt et al., 1999; Sulpizio et al., 2013).
A younger calibration is discussed by Pearson et al. (2018). In this
paper, we used the age 3560 ± 15 cal yr BP according to Friedrich
et al. (2006). In core Eph 269, the lowermost 3 cm of the tephra
deposit (2.69e2.66m b.s.l.) are interpreted as the primary Santorini
ash fall. It is directly overlain by a 44-cm-thick mixed horizon of
tephra shards and silty limnic sediments, which is interpreted as
reworked tephra material from catchment inwash and/or lake in-
ternal redeposition. In core Eph 375 at 1.84e1.77 m b.s.l., the San-
torini ash forms a homogeneous layer and is positioned at a similar
chronostratigraphic positionwithin unit D as the equivalent in core
Eph 269. Both cores show an increased MS signal at the position of
the tephra (Fig. 3). Microfossils are missing throughout the primary
and reworked tephra deposits, and only a few pollen grains (de-
ciduous oaks, alder; few herbs and grasses) were detected in the
upper, reworked part of the Minoan tephra in core Eph 269.

5.1.6. Unit F: intercalated lake sediments (6700-1200 cal yr BP)
The intercalated grey clayey silt layers (2e20 cm thickness)

within the peat of the unit D are interpreted as lacustrine sedi-
ments. Low C/N ratio points to an aquatic production of plants
(Meyers and Teranes, 2002). All lacustrine layers are underlain and
overlain by peat indicating lake level fluctuations. 14C age estimates
from core Eph 269 date the intercalated lake sediments to
~3200 cal yr BP, ~2200 cal yr BP, ~1700 cal yr BP, ~1100 cal yr BP (i.e.
ca. 1250 BC, ca. 250 BC, ca. AD 250, ca. AD 850). The peaks of MS and
Ti in these layers point to detrital/terrestrial input (e.g., Davies et al.,
2015). The distinct boundaries between the peat and clayey-silty
sediments suggest rapid lake-level changes.

Above the Santorini ash layer in core Eph 269, the amount of
limnic ostracods decreases and in one lacustrine sample foramin-
ifers reappear (2.13e2.10 m b.s.l.). At the same time, Isoetes and
Polygonum aviculare-type pollen reappear. They originate from the
hinterland and were most likely transported by the river. Finds of
Artemisia, Plantago lanceolata-type, Plantago sp. and an increase in
charred particles indicate increased anthropogenic activities (fire,
pasture farming). This short brackish phase is followed by fresh-
water conditions, as evident from overlying limnic sediments rich
in freshwater ostracods (unit F). The origin of this brackish layer is
still unknown although several tsunamis occurred in the Mediter-
ranean Region. Thus, a tsunami of another origin than Santorini is
well possible (e.g. at ca. 1000 BC in Greece; see V€ott et al., 2007).

5.1.7. Unit G: alluvium (1200 cal yr BP - today)
Unit G comprises the uppermost part of the cores and consists of

beige-brown silts with oxidation spots representing the siltation of
the lake margins, starting at about 1200 cal yr BP. Scarce freshwater
ostracods from ephemeral, isolated water bodies were only found
in the lower parts of the unit. The homogeneous and well sorted
sediments (2.8) reveal high Fe values pointing to a terrestrial input
(Davies et al., 2015). Cerealia-type pollen are abundant, the amount
of Olea pollen slightly rises and Pinus dominates the arboreal pollen
spectrum. Zea mays (maize, corn) is also present. It has been grown
in Turkey and the Euphrates since AD 1574 (K€orber-Grohne, 1987).

5.2. A changing landscape since 8400 cal yr BP e the evolution of
lake Belevi and its environs

The two sediment cores from the western shore of Lake Belevi
reveal the Holocene landscape evolution. After terrestrial sedi-
ments had been deposited in the area of the present-day lake
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during Postglacial and Early Holocene times, a freshwater lake
developed in this part of the Küçük Menderes Graben between
8400 and 8000 cal yr BP. During the peak of the Postglacial sea-
level rise, the marine water reached the lake system and inte-
grated it into the embayment (ca. 8000-7000 cal yr BP). Isoetes
spores and indeterminate pollen grains point to fluvial input by the
Küçük Menderes River and eroded soil sediments in the hinterland.
The vegetation in the environs of the lake/bay was dominated by
deciduous oaks.

Around 7000 to 6700 cal yr BP, a change of the environment is
visible in the two cores based on changes in the sediment
geochemistry and foraminifera species. It derives from the oscilla-
tion of salinity following the disconnection of the open lagoon from
the sea, probably due to the delta progradation of the Küçük
Menderes River. The lack of fluvial input is reflected by a strong
decrease in indeterminate pollen grains and Isoetes spores. The
evolution of a closed lagoon is characterized by high precipitation
rates of calcium carbonates and the shift to a freshwater lake.

From ca. 6700 to 1500 cal yr BP peat dominates, indicating a
terrestrial freshwater system at the margins of the lake. Interca-
lated limnic layers dating to ~3200 cal yr BP, ~2200 cal yr BP,
~1700 cal yr BP, ~1100 cal yr BP (i.e. ~1250 BC, ~250 BC, ~250 AD,
~850 AD) reflect an oscillating lake level. This may be explained by
fluvial input and a displacement of the river bed, inferred from a
short phase of increased Isoetes and indeterminates, especially in
the upper limnic layers. The highest accumulation rate of sedi-
ments occurs ca. 3000-1500 cal yr BP (ca. 1050 BCe AD 450; Fig. 7).
This had already been shown for the Küçük Menderes Graben
(Stock, 2015), but also for other sites in the Mediterranean region
(e.g., Dusar et al., 2011). Especially for deltas e e.g., the ones of the
Büyük Menderes (Brückner et al., 2002, 2006; Brückner, 2019), the
Rhône (Arnaud-Fassetta, 2002) and the Po (Simeone and Corbau,
2009) e a relatively fast advance during Antiquity has been iden-
tified, most likely due to deforestation and other impacts on the
natural environment (see also Brückner, 1986, 2020).

The ash of the Santorini eruption is intercalated in the peat
layers (3560 cal yr BP or 1610 BC; see section 5.4). A tsunami layer of
the eruption is missing. It has been detected in Didyma and Fetiye
underlying the Minoan tephra layer and consisting of sands with
marine microfossils (Minoura et al., 2000). At that time, the seawas
already several kilometres to the west of Belevi (Brückner et al.,
2017), and Samos and other islands (e.g., Syrie in the Küçük
Menderes Graben) will have attenuated the tsunami waves,
wherefore they did not reach as far as Lake Belevi in the hinterland.
Overlying the ash layer, a short brackish phase in Eph 269 has been
identified, the origin of which is not yet known. Around ca.
1200 cal yr BP (AD 750), the lake started to silt up at its shores,
creating today’s shallow lake. Its water-level fluctuations are trig-
gered by rainfall, fluvial input, and a canal, which was built in the
early 20th century.

5.3. Human influence

The human footprint in and around Belevi was by far not as long
and intense as in the direct surroundings of Ephesos further sea-
wards. Its existence is, however, evident in the pollen record, the
sediment stratigraphy and in archaeological findings.

The oldest evidence for human settlements in the Ephesia are
indicators of agricultural activity. Dating back to the Neolithic
period, the pollen record from the settlement mound Çukuriçi
H€oyük consists of Cerealia-type and Linum pollen along with flax,
barley and wheat (Thanheiser, 2008; Stock et al., 2015). A compa-
rable shift from natural to human-impacted vegetation since the
Neolithic has also been proven in several other archaeological sites
in the Mediterranean region (e.g., Zanchetta et al., 2013).
However, at our study site of Belevi, which is located nearly 15
km in the hinterland of Ephesos, the onset of human impact does
not become evident until later: the rise in Olea pollen, Juniperus-
type and Juglans dates to ca. 3000 cal yr BP, i.e. after the Bronze Age,
and is most probably related to the ‘‘Beyşehir occupation phase”
(van Zeist et al., 1975; Eastwood et al., 1998; cf. Fig. 9). These in-
dicators for pasture farming and land clearance (van Zeist and
Bottema, 1991; Knipping et al., 2008; Shumilovskikh et al., 2016)
are to a certain extent hidden by the strong increase in Poaceae
pollen. The significant human-induced changes in the vegetation
coincide with increased sedimentation rates in the research area,
estimated from the age-depth models of both cores (Fig. 7). They
concur with the Greek, Roman and Byzantine periods when
Ephesos experienced its heyday (Ladst€atter, 2016). During that time
human population in the whole region grew significantly, and so
did the need for wood, grain and cattle farming. This caused major
clearance activities in the hinterland with the effect of increased
soil erosion e and consequently increased sediment accumulation
in Lake Belevi and its surrounding areas.

The Belevi plain belonged to the sanctuary of Artemis and was
settled in villages and scattered farmsteads with a population of
farmers and miners (Prochaska and Grillo, 2009). The egg of a
capillariid nematode may, therefore, suggest the keeping of do-
mestic dogs for herding.

Beyond indicating an increase of human influence, changes in
the pollen spectra and sedimentation pattern also indicate a
decrease or sudden decline in human activities. Such a remarkable
shift occurs about 1500e1000 cal yr BP, i.e. 450-950 AD, with a
sudden spread of pine trees (likely Pinus brutia; Figs. 5 and 9),
which were probably growing on abandoned farmland (Stock et al.,
2016; Shumilovskikh et al., 2016). By then, agricultural activities
decline, but are still present. This coincides with the population
decline of Ephesos and the Ephesia during the Byzantine period
(Ladst€atter, 2019).

Nowadays, the area of Belevi is influenced by different human
activities, such as extensive mixed farming, marble mining and
wattlework production. The railway and highway connections be-
tween _Izmir and Aydın run past the lake. Although not far from the
famous ruins of Ephesos, which are annually visited by hundreds of
thousands of tourists, Belevi and its surroundings has remained
quite remote.

5.4. Eruption of Minoan Santorini

Based on glass geochemical analyses as well as chronostrati-
graphic constraints, the Minoan tephra has been identified for the
first time in the environs of Ephesos, ca. 250 km northeast of the
Santorini volcanic source with a thickness of 3e7 cm (fallout
tephra). The ignimbrite deposits have been detected in different
geoarchives of the Eastern Mediterranean region (Druitt, 2014) and
in lakes and lagoons in Anatolia (Sullivan, 1988; Eastwood et al.,
1999a, 2007; Sulpizio et al., 2013), e.g. in Lake G€olcük (Sullivan,
1988; Eastwood et al., 1999a, 2002), Lake G€olhisar (Eastwood
et al., 2002) and further inland in Lake Acig€ol (Sulpizio et al.,
2013). Furthermore, the Santorini ash was discovered at archaeo-
logical sites such as Miletos (Huber et al., 2009) and Didyma
(10e15 cm; Minoura et al., 2000), in the plain of the Xanthos River
(€Oner, 1999; Fouache et al., 2012) and during excavations of the
coastal site of Ba�glararası in Çeşme (Şaho�glu, 2007).

The first discovery of the Santorini tephra in the surroundings of
the ancient city of Ephesos sets the Ephesia in the same context as
many other sites in this region that were affected by this significant
eruption. The widespread occurrence and thickness of the ash layer
at this site suggests a large impact of the Minoan eruption on the
environment, i.e. on the vegetation and lake ecosystem, and hence
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on the Bronze Age societies. Especially the remarkable decrease in
non-arboreal pollen shows how this layer of several centimetres
affected the grassland vegetation and eventually the crop growth
for a short period of time. This has also been summarized by Neild
et al. (1998). Potential effects of ash on crops can be physical im-
pacts (e.g. burning, additional weight, partial burial), rainfall
interaction (acid rain) or an alteration of soil chemistry (Neild et al.,
1998). Trees may suffer from an ash layer thicker than 100 mm.
Wilson et al. (2011) conclude that light ashfall (<50mm)may cause
slight to severe damage to pastoral farming, but only for a short
time. Moreover, lake ecosystems may undergo a nutrient enrich-
ment as described for Lake G€olhisar (Roberts et al., 1997).

5.5. Regional landscape and vegetation history e comparison with
other lakes and ancient cities of the region in western Turkey

Sedimentological, microfaunal and palynological investigations
of other geo-bio-archives of western Anatoliae such as the basin of
the Closed Harbour of Elaia, the maritime satellite of Pergamon/
Bergama ca. 150 km to the north (Pint et al., 2015; Shumilovskikh
et al., 2016), and Lake Bafa in the Büyük Menderes Graben ca.
50 km to the south (Müllenhoff et al., 2004; Brückner et al., 2017;
Herda et al., 2019) e show similar trends. They enable us to set the
results from Lake Belevi into a wider context. Lake Marmara
(Bulkan et al., 2018) and Lake Sünnet (Ocako�glu et al., 2013) in
northwestern Anatolia were also investigated for the effect of
palaeoclimate fluctuations. Lakes on the Anatolian plateau have
been studied in detail for the reconstruction of the vegetation, e.g.
Lake G€olhisar (Eastwood et al., 2007) and Lake S€o�güt (Roberts,
1990). The latter lakes, however, are located in the interior of
Anatolia at an altitude of ca. 1000 m or higher; thus, they cannot be
directly compared to coastal lakes.

The long-stretched grabens of Küçük Menderes and Büyük
Menderes, which host Lake Belevi and Lake Bafa, respectively, have
experienced major landscape changes during the past seven or so
millennia: the filling with marine and fluvial deposits, the west-
ward progradation of their river deltas, the landlocking of former
islands, the formation of extended alluvial plains and relict lakes
(Brückner, 2019, 2020; Brückner et al., 2017). The natural land-
scapes in lowlands were originally dominated by open deciduous
oakwoods, as has been shown for Elaia (Shumilovskikh et al., 2016)
and Miletus (Brückner et al., 2006; Herda et al., 2019), while higher
elevations were dominated by forests of Quercus ilex-type (Lake
G€olhisar, located at 950 m a.s.l.; Eastwood et al., 1999b) (see
compilation in Fig. 9). This has also been confirmed for the Belevi
area. Moreover, the first appearance of Cerealia-type pollen can
point to human activity as early as the 8th millennium BP.
Considering the evolution of the vegetation, all three sites reveal a
remarkable vegetation shift with the first major settlement phase
associated to agriculture at the end of the 4th/beginning of the 3rd
millennium BP (the so-called ‘‘Beyşehir occupation phase” in the
Iron Age; van Zeist et al., 1975; Eastwood et al., 1998). In the case of
Lake Bafa, the substitution of deciduous oakwoods by cultivated
land already took place in the second half of the 4th millennium BP
(Knipping et al., 2008; Herda et al., 2019). Eastwood et al., 1999b
reported a human impact on the environment in the time span
3350-1250 cal yr BP (1400 BC e AD 700). The harbour archive of
Elaia documents the shift from open oakwoods to a cultural land-
scape e with olive, pistachio and walnut trees, grapes, open
woodland and macchia e around 2800 cal yr BP (850 BC;
Shumilovskikh et al., 2016; Fig. 9). This timing of increased human
impact is comparable to the site of Belevi where major human
activities are proven by a considerable increase in Olea pollen,
evergreen oak, Cannabis and poppy pollen for the 3rd millennium
BP (Fig. 9). In all cases, Cerealia-type pollen are of only minor
importance while Olea dominate, possibly due to an orographic
effect. The valley was most likely too swampy for cereal cropping so
thatmainlyOlea and some Juglans and Castaneawere planted at the
slopes and on drier soils.

In comparison to the remote Lake Belevi, which may be
considered from the archaeological point of view as an offsite
archive, onsite archives are found in the city of Ephesos. There, very
strong human impact is proven for the time span ca. 2400-
1300 cal yr BP (450 BC e AD 650; Stock et al., 2016). This is mainly
due to enhanced deforestation and intensive land-use which
resulted in correlated soil erosion leading to increased siltation and
a major delta progradation in the lower Küçük Menderes Graben. It
may also go together with the founding of the new city of Ephesos
in 300 BC and its development as a major economic hub and mil-
itary base for the Hellenistic kings (Ladst€atter, 2016). The intensive
exploitation of woodland was even enhanced during the Roman
epoch (Heiss and Thanheiser, 2014). Apart from abundant archae-
ological evidence, this is underlined by the charcoal record of
Ephesos (Stock et al., 2016): the findings of different woodland
plants, such as Quercus (oak), Fraxinus (ash), Ulmus (elm), Fagus/
Platanus (beech/plane) and Olea (olive) clearly show that a large
amount of wood was needed in the city for domestic fuel, con-
struction timber, tool-making, ship building, tanning, and last not
least, heating the thermal baths. Olea and other fruit trees indicate
the clearing of land for cultivation purposes. In Sicily, this has also
been proven by Mercuri et al. (2013) and Sadori et al. (2013).

After Antiquity, all sites e e.g., the lakes of Belevi, Bafa and
G€olhisar; the cities of Ephesos and Elaia e show a decrease of the
human footprint in the pollen record. This is mainly due to the
population decline and thereby reduced farming activities. The
increase in Pinus, probably on abandoned land, was proven for the
Late Antiquity and Byzantine times for the site of Belevi and for
Ephesos (Stock et al., 2016; Fig. 9) as well as for Lake Bafa
(~1300 cal yr BP, ca. AD 650; Knipping et al., 2008). In Elaia, pine
pollen increase from 7-10% to 46e83%, which is mainly a result of
the abandonment of the city (~1150 cal yr BP, ca. AD 800;
Shumilovskikh et al., 2016, Fig. 9). The fact that pines replace the
original oaks is evidence of soil erosion and degradation, since
pines are much less demanding plants than oaks. In other archives
in Turkey, such as Lake G€olhisar (Eastwood et al., 1999b) and
Gravgaz near Sagalassos (Vermoere et al., 2000), the increase in
Pinus pollen can also be seen in the time span of 1500e1000 cal yr
BP (450-950 AD; Fig. 9) and at the end of the 2nd millennium BP,
respectively. Although both archives (Lake Belevi and Lake
G€olhisar) are located at different altitudes, they reveal a similar
pattern. As expected, Zea mays (maize) pollen only occur in the
pollen profiles during the modern era. Maize has been planted in
Turkey since AD 1574 (K€orber-Grohne, 1987).

6. Conclusions

The palynological record together with sedimentological,
geochemical, microfaunal and tephrochronological data of two
sediment cores from Lake Belevi provide insights into the Holocene
environmental evolution of this lake and its environs. The data
reveal vegetation changes and the onset and intensity of the human
impact. The development of the lake dates back to 8400 cal yr BP.
The lowermost strata represent a typical sequence of the marine
transgression. During the Postglacial sea-level rise, the lake was
connected to the sea. Around 7000 cal yr BP it was cut off as a result
of the delta advance of the Küçük Menderes River. Then followed
the transition from a brackish-lagoonal lake to a freshwater coastal
lake. The intercalation of several peat and limnic layers indicates
lake-level fluctuations. For the first time in the environs of Ephesos,
the ash of the Santorini eruption at 3560 ± 15 cal yr BP (1610 ± 15
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BC) has been detected in the Lake Belevi sediments.
The human-environment interaction is mirrored by the vege-

tation changes. Around 8000 cal yr BP, the landscape was covered
with natural vegetation represented by deciduous oakwoods, while
the occurrence of Cerealia-type pollen suggests the first agricul-
tural activities in the hinterland. Increased anthropogenic activities
resulted in the formation of the so-called secondary plant com-
munities, such as macchia. Starting in the 3rd millennium BP (Iron
Age), human impact intensified with strong deforestation for
agriculture, pasture farming and the growth of olives and fruit
trees, plus the other many reasons why wood was needed
mentioned above. This has also been established at other sites in
western Turkey. The intensive land use resulted in enhanced soil
erosion with higher sedimentation rates in the lake, more rapid
delta advance and increased siltation of the marine embayment.
With the declining population density in late Antiquity and early
Byzantine times, the pressure on the land by exploitation, farming
and herding decreased, and pinewoods started to expand. This
study shows that even the remote Lake Belevi in the hinterland of
Ephesos has archived the human-environment interaction during
the past eight millennia, with increased intensity during the third
and second last millennia.
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Meriç, E., Avşar, N., Bergin, F., 2004. Benthic foraminifera of eastern Aegean Sea
(Turkey) e systematics and autoecology. Turkish Mar. Res. Found. 18, 1e306.

Meyers, P.A., Lallier-Verg�es, E., 1999. Lacustrine sedimentary organic matter records
of Late Quaternary paleoclimates. J. Paleolimnol. 21, 345e372.

Meyers, P.A., Teranes, J.L., 2002. Sediment organic matter. In: Last, W.M., Smol, J.P.
(Eds.), Tracking Environmental Change Using Lake Sediments, vol. 2. Physical
and Geochemical Methods. Kluwer Academic Publishers, Dordrecht, p. 504.

Minoura, K., Imamura, F., Kuran, U., Nakamura, T., Papadopoulos, G.A., Takahashi, T.,
Yalciner, A.C., 2000. Discovery of Minoan tsunami deposits. Geology 28, 59e62.

Moore, P.D., Webb, J.A., Collinson, M.E., 1991. Pollen Analyses. Blackwell, Oxford,
p. 216.

Müllenhoff, M., Handl, M., Knipping, M., Brückner, H., 2004. The evolution of Lake
Bafa (Western Turkey) e sedimentological, microfaunal and palynological re-
sults. Coastline Rep. 1, 55e66.

http://refhub.elsevier.com/S0277-3791(20)30380-2/sref23
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref23
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref24
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref24
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref24
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref25
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref25
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref25
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref26
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref26
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref26
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref26
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref27
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref27
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref27
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref27
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref27
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref27
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref27
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref27
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref28
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref28
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref28
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref29
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref29
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref29
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref30
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref30
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref30
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref30
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref31
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref31
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref31
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref32
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref32
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref32
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref32
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref34
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref34
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref34
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref34
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref33
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref33
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref33
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref33
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref33
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref35
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref35
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref35
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref35
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref36
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref36
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref36
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref36
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref36
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref36
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref37
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref37
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref37
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref37
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref37
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref38
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref38
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref38
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref38
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref38
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref38
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref39
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref39
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref39
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref39
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref40
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref40
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref40
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref40
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref40
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref41
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref41
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref41
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref42
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref42
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref42
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref42
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref42
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref42
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref42
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref42
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref43
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref43
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref43
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref43
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref44
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref44
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref44
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref45
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref45
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref45
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref46
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref46
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref46
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref46
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref46
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref47
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref47
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref47
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref47
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref48
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref48
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref48
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref48
https://homepage.univie.ac.at/andreas.hassl/publikationen/A298.pdf
https://homepage.univie.ac.at/andreas.hassl/publikationen/A298.pdf
http://refhub.elsevier.com/S0277-3791(20)30380-2/optTI5ZRwlcX8
http://refhub.elsevier.com/S0277-3791(20)30380-2/optTI5ZRwlcX8
http://refhub.elsevier.com/S0277-3791(20)30380-2/optTI5ZRwlcX8
http://refhub.elsevier.com/S0277-3791(20)30380-2/optTI5ZRwlcX8
http://refhub.elsevier.com/S0277-3791(20)30380-2/optTI5ZRwlcX8
http://refhub.elsevier.com/S0277-3791(20)30380-2/optTI5ZRwlcX8
http://refhub.elsevier.com/S0277-3791(20)30380-2/optTI5ZRwlcX8
http://refhub.elsevier.com/S0277-3791(20)30380-2/optTI5ZRwlcX8
http://refhub.elsevier.com/S0277-3791(20)30380-2/optTI5ZRwlcX8
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref50
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref50
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref50
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref50
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref51
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref51
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref52
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref52
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref52
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref52
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref52
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref52
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref52
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref52
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref53
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref53
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref53
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref53
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref54
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref54
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref54
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref54
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref54
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref55
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref55
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref55
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref56
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref56
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref56
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref56
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref57
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref57
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref57
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref57
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref57
http://homepage.univie.ac.at/elisabeth.trinkl/forum/.forum1297/05digi.htm
http://homepage.univie.ac.at/elisabeth.trinkl/forum/.forum1297/05digi.htm
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref59
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref59
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref59
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref59
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref59
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref60
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref60
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref60
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref61
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref61
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref61
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref61
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref61
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref61
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref61
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref61
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref61
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref63
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref63
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref63
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref63
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref63
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref63
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref62
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref62
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref62
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref62
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref62
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref64
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref64
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref64
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref64
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref64
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref64
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref65
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref65
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref65
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref65
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref65
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref66
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref66
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref66
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref66
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref66
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref66
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref67
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref67
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref67
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref67
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref67
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref68
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref68
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref68
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref68
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref68
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref69
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref69
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref69
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref69
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref69
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref69
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref69
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref69
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref69
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref70
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref70
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref70
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref71
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref71
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref71
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref71
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref72
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref72
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref72
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref73
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref73
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref73
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref73
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref73
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref74
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref74
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref74
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref74
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref74
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref75
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref75
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref75
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref75
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref76
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref76
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref76
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref77
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref77
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref77
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref78
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref78
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref79
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref79
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref79
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref79
http://refhub.elsevier.com/S0277-3791(20)30380-2/sref79


F. Stock et al. / Quaternary Science Reviews 244 (2020) 106418 17
Neild, J., O’Flaherty, P., Hedley, P., Underwood, R., Johnson, D., Christenson, B.,
Brown, P., 1998. Impact of a Volcanic Eruption on Agriculture and Forestry in
New Zealand. New Zealand Ministry of Agriculture and Forestry Technical Paper
99/2.

Ocako�glu, F., Kır, O., Yılmaz, I.O., Açıkalın, S., Erayık, C., Tuno�glu, C., Leroy, S.A.G.,
2013. Early to mid-Holocene lake level and temperature records from the ter-
races of Lake Sünnet in NW Turkey. Palaeogeogr. Palaeoclimatol. Palaeoecol.
369, 175e184.

€Oner, E., 1999. Letoon ve çevresinde (Eşen çayı deltası) paleojeomofolojik ara-
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