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events, and ultimately a negative shift in the water budget (Mayewski
et al.,, 2004; Reyer et al., 2017; Hoegh-Guldberg et al., 2018). This
conceptual model is generally accompanied by sparse vegetation cover
and its compositional change (Morecroft and Keith, 2009; Dormoy et al.,
2009). Here, we also consider the impact of human activities with
regards to sediment dynamics by land-use change at different scales,
which might be irrelevant to climate (Kaniewski et al., 2007; Dusar
et al., 2012). Recent studies outline that the impact of human activities
in the Eastern Mediterranean became the prime driver on sediment
dynamics in the late Holocene (in archaeological terms “Bronze Age”),
and accelerated particularly in dry periods (Dusar et al., 2011, 2012).
However, tree cultivation data from the entire northern Mediterranean
region demonstrate human impact on land cover occurred much later
(after 3500 yr B.P.) (Roberts et al., 2019). Conceptually, we expect a
direct impact of these drivers on the stratigraphic record of lake mar-
gins. Presently, there is no efficient way to connect changes in the
stratigraphic record to past human activities as detailed local archaeo-
logical investigations in the Simav area are scarce. Nevertheless, the
paleoclimatological proxies including the past water budget studies, and
their correlation with other paleoclimatological records elsewhere can
provide some insights regarding the impact of climate upon sediment
dynamics.

Inland closed lakes are very sensitive to climate changes and provide
rich opportunities to paleoclimatologists. Nevertheless, most of the
proxy records from lakes provide only a picture of relative climate
changes of the past, which strongly restricts how we understand the
responses of past societies to these changes. Many regional-to-global
drought events in the Holocene should have resulted in the shrinkage
or desiccation of inland lakes, which should also be recorded in bio-
logical and chemical/isotopic proxy data in lake sediments. As a result,
the detrital systems (i.e. alluvial and colluvial fans) around lakes indi-
cate progradation during dry periods. However, the increase in human
activities alone can also accelerate the sediment dynamics that have
been clearly shown throughout the eastern Mediterranean. Therefore, a
combined effort that integrates the multi-disciplinary study of marginal
and central sediments of lakes to the current hydrological data are
needed to construct a paleohydro-balance model, which enables the
estimation of quantitative precipitation data for the past drought events.
Moreover, the correlation of these events with other well-dated high-
resolution climate records elsewhere can provide some insights into the
relative significance of the involved drivers.

This study investigates a lakeside colluvial wedge using paleo-
climatological proxies in Lake Simav (W Anatolia) which was drained
and dried out in 1959. This lakeside record is particularly valuable
because it enables quantitative precipitation estimations for many
archaeologically significant timelines. Although the quantitative
approach to paleoclimatology is rapidly advancing worldwide, it is still
limited in the Anatolian Peninsula where integrated isotope-hydrology
models, pollen and tree-ring based precipitation estimates, and cladoc-
eran and diatom based salinity reconstructions are rare (Jones and
Mann, 2004; Jones et al., 2007; Touchan et al., 2007; Woodbridge and
Roberts, 2011; Cakiroglu et al., 2016). More specifically, the present
study aims to 1) describe and date Holocene lakeside colluvium within
the stratigraphic record and discuss their paleoclimatological implica-
tions, 2) correlate dry periods of the Simav area with regional drying
trends evidenced elsewhere, 3) determine past annual precipitation
trends using a hydro-balance model of the lake, 4) compare the past
quantitative precipitation values and trends with other paleoenvir-
onmental and paleoclimatic records in the Eastern Mediterranean, and
5) discuss their historical implications.

2. Hydro-balance models
A hydro-balance model considers the balance between the three

parameters in a hydrologically closed basin (Hastenrath and Kutzbach,
1983).
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where P is the basin average precipitation, Ea,, is the evaporation from
the lake surface, and E; (1 - ay) is the evaporation from the land surface,
including plant respiration. If the amount of outflow (or leakage) is
known, this equation can still be applicable in open systems by adding
the latter to the right of the formula.

In practice, the most challenging parameter of this equation is
quantifying the evaporation from the land surface, which is closely
related to vegetation cover and ground characteristics (Hastenrath and
Kutzbach, 1983; Grillone et al., 2014). An important derivative of this
parameter is the surface runoff, described as the proportion of precipi-
tation remaining after infiltration and evaporation on the land surface.
This term is frequently determined empirically due to the complications
of the input model parameters (i.e. slope, geology, soil type, vegetation,
climate parameters) (Grillone et al., 2014). Therefore, if the surface
runoff rate is known, precipitation can be calculated for a given lake
when the bathymetry and lake level are available.

Evaporation from the lake surface essentially varies with the ambient
temperature in a given area. As pollen-based estimations demonstrated,
the mean annual temperature in SE Europe including Anatolia dropped
ca. 0.5 °C in Middle-Late Holocene and up to 1.5 °C in early Holocene
during the Rapid Climate Change (RCC) events (Davis et al., 2003;
Dormoy et al., 2009). For this reason, the impact of this temperature
deviation on evaporation from the lake surface should also be consid-
ered. The estimated rate of 1 °C drop on evaporation is 7.2% for
Australian lakes over the course of global warming (Helfer et al., 2012),
6.0% for a Romanian lake (Stan et al., 2016), and 6.3% for the Simav
area (Table S1).

The potential of the hydro-balance model has been demonstrated in
many studies. For instance, Hastenrath and Kutzbach (1983) used a
hydro-balance model to show that the P was 150-300 mm higher
(15-35%) between 7 and 10 ka when higher lake levels prevailed in
Lake Turkana. Junginger and Trauth (2013) successfully determined P
and T in the North Kenyan Rift during the African Humid Period (5-15
ka). In another example, DeVogel et al. (2004) estimated past precipi-
tation conditions using a GIS-based reconstruction of late Pleistocene
terraces of known age in central Australia. Finally, the hydro-balance
model has been used to reconstruct the water budget of Lake Van in
eastern Turkey using the late Pleistocene terraces (Christol et al., 2010;
Kuzucuoglu et al., 2010).

In this study, in addition to a proxy-based paleoclimatological
investigation, we also applied a hydro-balance model to estimate past
precipitation in the Lake Simav watershed using modern run-off data
and past lake levels.

3. Study area
3.1. Geological and geomorphological outline

The Simav Graben is one of the depressions controlled by the NW-SE
striking Aksehir-Simav Fault System in the West Anatolian Extensional
Province (Kogyigit and Deveci, 2005). Two morphologically distinct E-
W striking control faults delimit the depression in the south and north,
while the shorter fault segments connect them to each other in the east
(Fig. 1A). There is multiple seismological, geomorphological, and
geothermal evidence for the current activity of these basin margin faults
(Emre and Duman, 2011; Ozden et al., 2012). Conversely, the flat and
structureless graben floor does not manifest any evidence of faulting
such as linear ridges or sags and seems to subside passively in response
to marginal faulting events. It is probable that past large (Mw > 7)
faulting events at basin margins would have induced lake level changes
due to tilting of the graben floor, but their impact on the lake level may
have been limited (<10 cm) based on the tilting in comparable seismic
events elsewhere (Meschis et al., 2019). Highlands surrounding the lake
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(see the procedure in Santisteban et al., 2004). The equations, Tcos =
1.36*LOIgsp and Toc = LOIs50/2 by Heiri et al. (2001), are applied for
the transformation of loss on ignition results to total carbonate and
organic matter contents respectively (Table S9).

(4 and 5) Stable isotopes of C from the organic fraction (613C0,g) and
5!1°N from the bulk sediment were measured using the Elemental
Analyser-Isotope Ratio Mass Spectrometry (EA-IRMS) technique in Iso-
Analytical Laboratory (UK). The procedure, reference materials and
quality control issues are explained in Table S8, and the results are given
in Table S9.

(6) Diatom analysis was conducted using the pollen slice preparation
method by Round et al. (1990). 600 diatom frustules were counted in
each slide following Battarbee (1986). Here we only consider the ratio of
benthonic to planktonic diatom species (Table S9). Species-based
diatom abundance, as well as their paleoenvironmental significance in
the Bogazkoy Trench section, was given in detail elsewhere (Ocakoglu
et al., 2019a).

(7) All the geochronology in this study were done using the AMS
Radiocarbon technique in Beta Analytical (UK), Georgia University
(USA) and ARTEMIS Laboratory (Saclay Univ., CEA/CNRS). Radio-
carbon ages were calibrated using CalibRev. 8.2.0 software following
the Intcal20 database (Stuiver et al., 2021) and expressed as 1 sigma
mean ages. Age-depth and sediment accumulation rate models of the
Bogazkoy Trench section were prepared using Bchron R software
(Haslett and Parnell, 2008; Parnell et al., 2008).

The hydro-balance model in this study considers the equality of
water input and output in a closed lake system to sustain the lake level
constant following the equation below:

PunnxDyxRC = L,xEpx(1-0.07xAT) 2)

where P,nn: Annual precipitation, RC: runoff coefficient, D,: total
drainage area, L,: Lake area, Ep: modern evaporation, and AT is the
temperature decline of the mean warmest month (MWAM) during the
RCC events compared to modern. In this study, the meteorological data
used (monthly precipitation and evaporation) belong to the Simav
Meteorological Station (Devlet, 2020). The runoff data between 1979
and 1993 were also measured by the same institution at the Bogazkoy
Gorge which constitutes the only outlet of the basin in modern times.
Lastly, the AT values were taken from the SE European pollen-based
temperature dataset including Anatolia (Fig. 3 in Davis et al. (2003)).
If the surface area and volume of a lake are known for a timeline, the
right of the equation (i.e. output or the total evaporation from lake
surface) can be calculated. This volume equals the annual runoff into the
lake. The surface area and volume of the lake are calculated in turn using
two other datasets. 1- The past lake level: This is the elevation of the past
coastline that was identified by sedimentological observations in the
Bogazkoy Trench Section 2. The past bathymetry of the lake: This is
reconstructed by the extraction (also called backstripping) of a sediment
thickness, the base of which corresponds to the target timeline in the
lake centre (Nasa) core, from the current topography using ArcGIS 10
software. Here, the elevations of the top of the Trench section and Nasa
core were measured using a cm-precision dGPS device. The graben
floor’s ALOS elevation data with 15 m horizontal resolution were
rectified using ground control points of dGPS measurements (ALOS
PALSAR, 2020). Then, these lake level and bathymetry data are
appended to calculate the volume and area of the lake for a given lake
level using the Surface Volume script under 3D Analyst module in the
same software. Throughout our calculations, compaction was ignored
due to the thin and water-saturated nature of the studied lake sediments.
The next step in the hydro-balance model is the estimation of runoff
coefficient (RC) for different climatic conditions. For this purpose, we
analysed the modern hydrological dataset (Table S1-S6) and produced
an exponential relation (RC = 0.2244In(Pap,)-1.3078) between RC and
Pann- Lastly, we empirically determined the P, that satisfies the volume
of evaporation from the lake surface in Eq. (2) above. Here, the
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applicability of runoff coefficient to the past with unknown vegetation
cover can be questioned. Nevertheless, the unpublished pollen data in
Nasa core (Ocakoglu et al., 2019a) reveal consistent abundance of herb
pollen around 5% (modern values: 2-3%) throughout Holocene (though
rare spikes up to 10-15% also occur) suggest the reliability of the model.

5. Results and interpretation
5.1. Data from the trench and the cores

5.1.1. Bogazkoy trench

The Bogazkoy Trench (39° 09’ 52” N, 28° 51’ 09” E) was dug on a
gentle slope in the western margin of Lake Simav. The trench site is
located on a colluvial fan sourced from a small (150 x 300 m) watershed
within the basement schist and gneiss (Fig. 3A, B, C). The Bogazkoy
Gorge served as one of the outlets of the lake during the wet Holocene
periods and is located just west of this colluvial fan. According to the
available historical data, the gorge was deepened, first by the decree of
Ahmet Vefik Pascha, a local governor of the Bursa Province, in 1866
likely to mitigate the flooding of lakeside villages (Simav Ticaret ve
Sanayi Odasi, 2020). A second and more radical deepening treatment
that led to the complete desiccation of the lake occurred in 1959. Fig. 4A
depicts the past and present elevations in the vicinity of the gorge as
measured from a UAV-based topographic map.

5.1.1.1. Age-depth model. Seven out of 13 radiocarbon AMS charcoal
analyses were used to establish the age model of the Bogazkoy Trench
section using the Bchron package (Parnell et al., 2008) (Fig. 5A;
Table 2). Two of the remaining samples (Bog 672-675 and Bog 288)
were tested for double-checking purposes of either the laboratory or the
nearest sample and were found to be satisfactory. Three samples be-
tween 160 and 200 cm produced very close results confirming very high
sedimentation rates. Therefore, the results of the samples Bog 200-202
and Bog 184-188 are not shown in Fig. 5A. Only one sample (Bog
509-512) displays complete contrast with the overall age model likely
due to root penetration of young aquatic plants and is discarded.

According to the age model, the base of the trench record dates back
to 8.2 ka whereas the uppermost lacustrine sediments correspond to
1950s A.D., i.e. just before the desiccation of the lake. No obvious time
gap is detected in the model, but the curvature of the graph implies a
variable sedimentation rate. The sediment accumulation rate (SAR)
graph generated using the same software mentioned above shows rela-
tively lower values before 4 ka (Fig. 5B). We suggest slightly higher rates
in the lowest colluvium (COL-1) compared to subsequent lacustrine
facies, especially after 5200 yr B.P. The first SAR pulse starts around
4100 yr B.P. and reaches the maximum in the second colluvial wedge
(COL-2) (Fig. 5B). However, higher rates also apply to the overlying
muds. Following a period of low accumulation rates in the lake facies,
the highest accumulation rate occurs in the third colluvium (COL-3) at
about 2800 yr B.P. Afterward, SAR values display a rapid stepwise
decrease in the uppermost colluvium (COL-5) and the overlying muds
(Fig. 5B).

5.1.1.2. Facies description. Five coarse-grained wedges interlayered
with peat, dark organic matter-rich mud and grey mud occur in the
trench section (Figs. 3D, 6A & 7). Herein, eight sedimentary facies each
representing distinct depositional conditions have been identified. Short
descriptions of the facies are given in Table 1.

As a brief aside, we note that of the sedimentary characteristics
outlined here, the subaerial facies are characterised by almost lack of
TOC and TCO5 content while the aquatic facies are always finer-grained
and contain abundant diatoms and reed remains.

5.1.1.3. Hydrodynamic and bathymetric interpretation of facies. Colluvial
depositional systems are an undervalued branch of clastic
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Table 1
Brief description and interpretation of the facies observed in the Bogazkoy
Trench Section.

Facies Facies

type

Muddy
Facies

Description Interpretation

code

A-1 Grey-to-green massive mud (

Fig. 3D). Darker colour possible as
organic matter increased.
Sometimes, silty with em-sized
angular gravels locally. Abundant
diatom frustules and rare bivalvia
shells included. Frequently
alternated with peat facies. TOC
<4% and CO3 < 1% generally.
Grey clayey silt/fine sand: more
silt/sand grade gives a yellow
colour. Comprise locally of
abundant charcoal, granule (<0.6
cm) and fragments of mollusc, bone
and ceramics (Fig. 3E). Root
imprints found locally. Frequently
occurs between massive mud and

Deep lake

A-2 Shallow lake

sandy facies.

Fibrous peat: Brown to black in
colour (Fig. 3F). Having reed sheath
and leafs. Vertical root penetration
locally visible. TOC mostly >15%,
and CO3 ~ 2.5%. Frequently
associated with massive peat facies.
Massive fine-grained peat:
Composed of very fine amorphous
and fibrous fragments almost
impossible to distinguish with the
naked eye. Easily friable, black in
colour. Gradually grades to facies A-
1 with grey colour as the clay
content rises.

Peat B-1 Shallow wetland

Facies

Deeper paludal
environment

Sandy
Facies

Cross-bedded sand: grey-to-yellow
coloured, well-sorted, medium to
coarse sand. Cm-thick foresets with
15-20 cm high, dipping 30°
towards the lake and alternating
with massive sand facies (Fig. 3G).
Massive sand: Well-sorted, grey-
coloured, structureless-to-faintly
bedded sand (Fig. 3G). Locally
partially cemented, including larger
(0.5 ecm) pebbles. Mostly found
between muddy and gravelly facies
as thick as 15 to 35 cm. Shows very
low MS values and < 1% CO3
content. TOC up to 4%.

Massive gravel: Poorly sorted
angular gravels of schist and
quartzite. Generally 2-3 cm in size,
but larger than 5 cm locally.
Intergranular pores filled with silt
and finer sand (Fig. 3D). Zero TOC
and COj content.

Sandy gravel: Accumulation of finer
gravel (<2 cm) and coarse sand
with frequent dissemination of
angular gravels (>3 cm). Subtle
grain-size change vertically
resulting in a crude bedding
appearance. Higher MS values
depending on the clay content.

Gilbert-type
micro-delta

C-2 Wave reworking

Gravelly D-1 Subaerial debris

Facies flow

D-2 Waining fluid

flow

sharp troughs in the PD ratio match with the B-1 facies, characterised by
abundant reed remnants, significant lacustrine intervals between 290
and 400 cm (<25%). We further note that the PD values gradually
decrease towards the base of the gravel band at 460 cm, followed by an
increase away from the top of the same bed at 400 cm (Fig. 7). The PD
ratio also drastically increases in lake facies between 190 cm and 150 cm
from 15 to 35%. At the base of the uppermost lake muds, a notable
decrease in the PD ratio is also present.

11
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5.1.1.5. Interpretation

5.1.1.5.1. MS curve. Organic matter and carbonates are effectively
non-magnetic (Mullins, 1977) whereas the MS of the siliciclastic fraction
is determined by the grain size. Furthermore, weathering increases with
precipitation (Boggs, 1995), which in turn results in the formation of
more clay minerals and higher MS values (Kukla et al., 1988; Maher and
Thompson, 1991). The consistent inverse trend between MS and TOC (e.
g., 490 cm, 380 cm, 350 cm, 310 cm) confirms that the higher MS values
are linked with clay-rich intervals, as a higher lake level increases the
amount of suspended sediments in the lake water column. However, an
increasingly higher MS signature even in the coarser wedges is also a
manifestation of the increasing amount of clay-sized material and hence
a wetting of climate up-section (Fig. 7).

5.1.1.5.2. TOC and TCOs. TOC is comprised of aquatic macro- and
microphytes, as well as allochthonous organic matter from the water-
shed (Meyers and Teranes, 2001). Since the watershed of colluvium in
the trench is minimal, the transported organic material can be ignored
(Fig. 3A) and TOC can be considered as a good measure of aquatic
biomass production and subsequent degradation. The carbonate content
of sediments in alkaline lakes is formed from micro- and macro-shells,
frustules, and micrite that precipitates biochemically from lake water
(Collinson, 1978). Accordingly, higher TOC values mostly correspond to
levels of in-situ reed development (B-1 facies) where macrophyte pro-
duction is highest. In contrast, the lower values correspond to clay-rich
allochthonous peat facies (B-2 facies). Moreover, the relationship be-
tween TOC and TCOgz curves (Fig. 7) likely signifies that the carbonate
content is linked with carbonate precipitation on the surface of algae
and macrophytes (Ju et al., 2010).

5.1.1.5.3. 6136‘0,g and 5'°N curves. Slscorg of lacustrine organic
material can be used to trace changes of carbon in terrestrial and aquatic
cycles (Leng et al, 2006). Algae and aquatic macrophytes have
extremely negative 613C0,g values (—30 to —25%0) as they take up
dissolved CO3 and HCOj in lake water, while C4 plants (mainly arboreal
cover) mostly display values between —10 to —15%o (Meyers and Ter-
anes, 2001). 81°N of lake sediments depend on the type of organic matter
(phytoplanktons are N-rich and terrestrial plants are N-poor), but also
the pH of lake water (Talbot, 2004). Lower 8'°N values generally indi-
cate higher amounts of cyanobacterial remains and phytoplanktons in
lake water (Talbot, 2004). Both curves confirm the prevalence of aquatic
macro- and microphytes in TOC. Towards the top and base of the
colluvial wedges, COL-2, 3, 4 and 5, both curves exhibit a positive shift
that most likely indicates a slight increase in the input of terrestrial
organic matter (Fig. 7). This relationship is consistent with a small
drainage area. However, above COL-3 the curves diverge. The diverging
curves indicate, the lake deepening rapidly at this time resulting in an
increase of algae contribution to TOC and a negative shift in ﬁlscorg
curve. Finally, the slight negative shift in 8'°N is likely related to
increasing lake alkalinity.

5.1.1.5.4. Planktonic diatom (PD) ratio. Although diatoms are
widely used to trace the past hydrologic conditions, using the plank-
tonic/benthonic diatom ratio to understand changes in past lake-levels
is relatively new (Wolin and Duthie, 1999; Laird and Cumming, 2008;
Wolin and Stone, 2010). A low PD ratio and the presence of abundant in-
situ reed remains indicate very shallow conditions between 470 and 500
cm (Fig. 7). All sediment records within the interval 290-450 cm, except
COL-2 colluvium itself, generally reflect higher lake levels (PD > 30%).
The lacustrine sediments from this time are accordingly composed of
mud and allochthonous peat facies that correspond to relatively deeper
conditions (Fig. 7). However, two sharp lake level drops are present. The
absence of any apparent relationship between 813C0rg and PD ratio
(Fig. 7) demonstrates that the latter was primarily controlled by lake
level and not ecological processes (such as algal booming) (Wang et al.,
2013).
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5.1.2. Naga core

5.1.2.1. Lithology and interpretation. The Nasa core penetrates 18 m into
the ground and measures 530 cm thick (average recovery = 30%). Core
losses mostly occur in the lower sandy intervals. Considering the time
frame of the present study, we studied the uppermost 11 m deep sedi-
ments after we corrected for compaction as a result of traditional drilling
techniques. The basal interval between 1060 and 840 cm is composed of
coarse green sand with infrequent gravels ranging from 3 to 4 mm
(Fig. 6C). The overlying interval, from 812 to 844 cm consists of grey-to-
green stiff black mud including various diatoms and 2-3 mm carbonate
nodules. A 200 cm-long part of the core was lost during drilling between
600 and 812 c¢m as confirmed by the radiocarbon dating. Up to 576 cm, a
diatomaceous and gastropod-bearing black peat interval occurs (Fig. 6C)
(see Ocakoglu et al., 2019a for diatom and mollusc content). The in-
terval from 430 to 576 cm consists of grey to yellow silt/fine sand with
abundant planktonic diatom species, indicating a relatively deeper
aquatic environment (Ocakoglu et al., 2019a). Further up-section, a
plastic clay interval is observed between 300 and 476 cm, which exhibits
a 10 cm thick peat layer and abundant benthonic diatoms at 400 cm. A
yellow to cream-coloured plastic mud observed between 210 and 300
cm is overlain by alternating grey and brown mud laminae until 60 cm
(Fig. 6C). Finally, the top of the core is sealed by brown and then grey to
green mud.

5.1.2.1.1. Interpretation. The basal gravelly sand interval is inter-
preted as a subaerial environment based on the monotonous coarser
grains devoid of diatom/mollusc. Aquatic, possibly wetland conditions
settled at 840 cm and lasted up to 580 cm (likely including the missing
part). The overlying intervals represent fully developed lacustrine con-
ditions with considerable lake level changes, as indicated by diatom data
(Ocakoglu et al., 2019a).

Table 2
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5.1.2.1.2. Age-depth model. Four radiocarbon ages from charcoal
were used to construct the age model in Nasa core (Fig. 6C; Table 2). The
earliest lacustrine muds at 836 cm on the basal sands give a calendar age
of 11,922 B-C. Following a significant core loss, the peat level at 670 cm
yields an age of 6275 BCE Plastic muds above in the middle of the core
are undated as they are charcoal-free. However, based on the two
radiocarbon dates further up-section (Fig. 6C), we calculated a sedi-
mentation rate in the middle and upper parts of about 0.69 mm y ! —
comparable with the rates in the Bogazkoy Trench section. Reworking of
lake sediments by agricultural activities at the top 10 cm since the late
1950s did not adversely impact the age-depth model because the up-
permost radiocarbon date comes from 70 cm of the core (Fig. 6C).

5.1.3. Golkoy core

5.1.3.1. Lithology. The Golkoy core is 9 m deep and has a thickness of
390 cm. It is composed of alternations of coarse and finer lithologies.
The compaction-corrected core is shown in Fig. 6B. The very base of the
core is composed of gravelly, green sands. Up-section, a rapid fining-
upward trend gives rise first to massive grey muds that transitions to
dark peat with microscopic macrophytes (facies B-2) at 570-700 cm
(Fig. 6B). From 476 cm to 570 cm in the section, a green-to-yellow silt
level is present. Until 300 cm the fine-grained peat facies repeats. The
overlying interval between 215 and 300 cm is dominated by dark-
looking silt/fine sand alternations with infrequent macrophyte frag-
ments. Further up-section, alternating yellow mud and dark grey silt are
present. From 70 cm to 124 cm, a green silt/fine sand interval is
observed, followed by green-to-grey mud at the top of the core (Fig. 6B).

5.1.4. Interpretation
The basal sand in the core is almost identical to that of the Nasa core

Radiocarbon data of the samples from the Bogazkoy Trench and Nasa Cores. Initials before labID signify the source laboratories. Geor: Georgia University- USA, SacA:

ARTEMIS- France, Beta: Beta Analytical-UK.

Sample ID Lab ID Material 813C (%o) 14C age, years BP Cal. Age (1 s)* (A.D./B.C.) Mean cal age
NASA CORES N-68 Geor 29,431  Sediment ~28.16 2030 + 25 12 CE- 48 BCE (%100) 30 BCE
N-188 Geor 29,432  Peat _28.61 2650 + 25 797-819 BCE (%100) 810 BCE
434-472 BCE (%39)
- +
NAS2/189-191  SacA44428 Peat 2365 + 30 393423 BOE (%61) 400 BCE
6314-6339 BCE (%18)
N-290 Geor 29,433  Charcoal ~24.85 7370 + 30 6217-6257 BCE (%47) 6245 BCE
6093-6139 BCE (%34)
11,855-11,926 BCE (%55)
N-350 Geor 29,434  Peat ~26.15 12,020 + 30 11,974-12,020 BCE (%31) 11,922 BCE
12,031-12,054 BCE (%14)
917-974 CE (%61)
BOG 67 SacA 44,167  Charcoal ~30.4 1150 + 30 930 CE
ach 24, arcoa 878-900 CE (%25)
331-280 BCE (%47)
BOG 160-164  SacA 44,168  Charcoal —24.6 2195 + 30 232-197 BCE (%31) 287 BCE
356-334 BCE (%19)
316-204 BCE (%79)
BOG 184-188  SacA 47,715  Peat ~30.4 2230 + 60 381346 BCE (%22) 276 BCE
282231 BCE (%58)
BOG 200-202  SacA 47,716  Charcoal ~30.4 2255 + 30 280 BCE
aca 2/, arcoa * 387-354 BCE (%42)
BOG 288-291  Geor 25,517  Charcoal —24.6 2650 + 30 831-801 BCE (%100) 816 BCE
M .. o 925, _ 9
BoGAZKGY TRENGY  BOG288-291  Betad51315  Charcoal 25.1 2660 + 30 ?3297?281?: C( EA)(ll'?g)S ) 818 BCE
—. 0
BOG 356 Beta 451,316  Charcoal ~26.0 3230 + 30 1728 BCE
ea ol arcoa 1866-1851 BCE (%11)
BOG 391-394  SacA 47,717  Peat ~30.4 3410 + 50 1750-1623 BCE (%94) 1704 BCE
2128-2092 BCE (%34)
BOG 430-433  SacA 44,427  Peat ~25.3 3655 + 30 2041-2009 BCE (%34) 2028 BCE
2002-1972 BCE (31)
3462-3423 BCE (%45)
BOG 506-508  Geor 25,518  Charcoal ~26.6 4680 + 25 3514-3492 BCE (%26) 3443 BCE
3411-3394 BCE (%18)
) 1962-1892 BCE (%88)
BOG 509-512  SacA44169 Organicmud ~ —26.1 3585 + 30 19791966 BCE (%5) 1939 BCE
BOG 669-672  Betad51317  Organicmud  —26.6 7420 + 30 6216-6142 BCE (%78) 6092-6073 BCE (%22) 6154 BCE
BOG 672-675  SacA 47,718  Organicmud  —30.4 7150 + 35 6033-5991 BCE (%74) 6057-6042 BCE (%25) 6022 BCE

* Stuiver et al., 2021, Intcal20, Calib Rev. 8.2.0.
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narrow band between 0.06 and 0.11. Fig. 9B and Table S4 demonstrate a
strong correlation (R? = 0.89) between Py, and RC when three anom-
alous years are discarded (Fig. 9A). Accordingly, the driest year of the
record (462 mm in 1989) has RC value of 0.058 while the more humid
(561 mm) year of 1991 displays a slightly higher RC value (0.114). The
highest RC values (0.25-0.30) are typical of very humid years with Py,
over 1000 mm. Later on, we use Fig. 9B to predict the RC and precipi-
tation amount matching the calculated flow in certain past timelines
(Table S7).

7.2. Past lake volumes and precipitation estimations

We calculated the surface area and volume of Lake Simav for 16
distinct periods from the latest Pleistocene to 1960 CE based on the
basin-fill profile data given in Fig. 8 (Table 3). Most of these timelines
closely correspond to the past shorelines based on the contact between
the colluvial wedges and lacustrine deposits in the trench section. Since
the lake depths are always below the critical threshold of 4.5-5 m
(Fig. 4B; Table 3), we confirm the endorheic nature of Lake Simav
throughout these timelines. The remaining timelines correspond to the
contact between peat and mud facies whose paleobathymetric signifi-
cance was discussed earlier.

Table 3 shows that the surface flow (72.7 million m®) significantly
exceeded the estimated evaporation from the lake surface in 1957 CE
just before the desiccation of Lake Simav. This data is also confirmed by
the local people who eyewitnessed the outflowing of the lake via the
Bogazkoy Gorge. The highest Holocene lake level (depth = 6.10 m) was
in 1850 CE, despite the evaporation from the lake surface also being the
highest (Table 3). At this time, most of the inflow left the lake via the
Bogazkoy Gorge in the west and Ortabogaz Gorge in the north. Outflow
from the Ortabogaz Gorge is further confirmed both by local narratives
and the laminated sediments encountered in the upper part of a shallow
core in the gorge (Ocakoglu et al., 2019a). Furthermore, spring precip-
itation and snow melts were presumably excessively high to threaten the
inundation of lake-margin villages such as Bogazkoy, Citgol and Golkoy
(Fig. 2). Ultimately, it is likely that this threat drove Ahmet Vefik Pascha
to order the deepening of the Bogazkoy Gorge in 1866 (see earlier
discussion).

The earliest record of Lake Simav begins in the latest Pleistocene
(around 11,920 BCE) and shows a wetland in the centre of the depres-
sion (Fig. 8). This environment implies insufficient surface runoff
compared to evaporation, despite our model yielding 433 mm of annual
precipitation at this time (Table 3). After a quite humid period during
the early Holocene when the lake was most probably exhorheic, the
modeled maximum annual precipitation at the bottom (6000 BCE) and
top (4168 B-C) of COL-1 is 460 mm and 466 mm respectively. It is
obvious that the precipitation remained always below these values be-
tween 6000 and 4168 BCE Similarly, the precipitation was always below
468-485 mm during the deposition of the COL-2 between 1768 and
1802 BCE (Table 3). If the lake level was precisely 50 cm below the
colluvial boundary around 1800 BCE (max. Water depth of 150 cm), a
realistic assumption for precipitation is as low as 459 mm, based on the
overall morphology of the colluvial wedge in Fig. 7 (Table S7). The
minimum annual precipitation between these two drought events is
estimated to be 484-496 mm. The subsequent droughts in 816 BCE (base
of COL-3) and 1050 BCE (i.e., the notable shoaling observed at 310-320
cm) experienced maximum precipitation of 478 mm and 493 mm
respectively (Table 3). At 1100 CE, the maximum precipitation at the top
of COL-5 is estimated to be 491 mm. Later on, the precipitation rapidly
increased and reached the higher modern values of >800 mm.

8. Discussion
8.1. Colluvial wedges and dry periods

A climate shift towards drier conditions is expected to cause the
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weakening of the vegetation cover and especially increases the fre-
quency and efficiency of catastrophic rainfall events. In turn, cata-
strophic rainfall events increase surface runoff and result in enhanced
colluvial accumulation of prograding wedges into the lake. We observe
the repetition of this conceptual frame many times along the Bogazkoy
lake margin. Sedimentation rates are also higher during these colluvial
depositions (Fig. 5B). Although there is strong evidence for reduced soil
formation and hillslope erosion traversing from semi-arid regions to
deserts (Owen et al., 2011), the modern monitoring studies across the
globe cannot demonstrate a meaningful change in sediment dynamics
between semi-arid and humid belts (Riebe et al., 2004; Richardson et al.,
2019), most probably due to the complexity of environmental parame-
ters involved. However, model studies suggest that hillslopes become
more susceptible to erosion below 500 mm of precipitation in the course
of aridification and expose to 2-4 times more erosion at 250-400 mm
precipitation depending on the texture of the soil (Istanbulluoglu and
Bras, 2006). The field studies demonstrate hillslope erosion rapidly in-
creases while passing from the humid system to the arid ecogeomorphic
system of the Mediterranean (Lavee et al., 1998). Similarly, NW Medi-
terranean long-term Holocene records confirm the increased sediment
dynamics in dry periods irrespective of human intervention (Bellin et al.,
2013). Therefore, we suggest that the five colluvial packages sand-
wiched between lake sediments represent five events (dry periods and/
or increased local human activities) in the Holocene (Fig. 10A). Here, we
expect a time gap between the onset of the colluvial deposition based on
the location of the Bogazkdy trench section with respect to the lake
shoreline. Changes in the proxy records of the lake sediments can further
shed light on the precise onset of these events. For instance, the dry
period that resulted in the formation of the colluvial package deposited
around 816 BCE would have started earlier at 900 BCE (at 300 cm) based
on the notable trends in TOC, MS and PD ratios (Fig. 7). Furthermore,
there is another dry event at about 1100 BCE (320 cm) displayed in some
proxies. However, the strength of this drought was probably not enough
to develop a colluvial wedge in the trench section. Similarly, the dry
period which is responsible for the colluvial wedge (COL-2) between
400 and 420 cm, likely initiated at 460 cm (i.e. 2150 BCE).

The drought interpretation above based on the presence of colluvial
wedges and the Lake Simav record, in general, is consistent with existing
Anatolian and neighboring climatic records. It seems that prior to the
first colluvium (COL-1), a humid phase began just after 14 ka in the area,
which is further supported by the facies in the Golkoy Core (Figs. 6B, 8).
Previous studies in the eastern Mediterranean (Eastwood et al., 2007;
Jalut et al., 2009; Dormoy et al., 2009; Marino et al., 2009; Dean et al.,
2015) and from Lake Van (Landmann et al., 1996) in eastern Anatolia
indicate that more humid conditions started 14.6 ka to 10 ka, and pre-
vailed until 8.0 ka to 7.5 ka depending on the geographic position. In the
Lake Eski Acigol isotope record, the dry period started precisely at 8.3 ka
and lasted for 300-400 years (8.2 ka event). Following a relatively long
(500 yr) humid period, drier conditions prevailed again until 4000 BCE
(Dean et al., 2015). The first prominent shoaling event in Lake Simav
occurred around 8.2 ka as amorphous peat was replaced by insitu reed
peat in the lake interior and colluvial wedges prograded (COL-1) over
lake muds along the lake margin (Fig. 8). This dry period continued until
4000 BCE and was defined by limited lake level fluctuations at the lake’s
centre (Ocakoglu et al., 2019a). The composite isotope curve of 520
compiled from Eski Acigol (Roberts et al., 2001) and Lake Nar (Dean
etal., 2015; Jones et al., 2006) reasonably represents the water balance
in Central Anatolia and shows an overall positive shift between 5500
and 4000 BCE when lowermost colluvial wedge was active (Fig. 10B).
Similarly, the Lake Golhisar 5'%0 isotope record displays a sharp posi-
tive shift from 6000 BCE to 5700 BCE, and large deviations (unstable
climate conditions) until 4300 BCE (Fig. 10C).

The colluvial wedge dated at around 2000 BCE seems to match
reasonably well with the 4.2 ka event and is defined by the most positive
5180 values of the entire Holocene in Eski Acigél and Lake Nar com-
posite record, broadly consistent with the Lake Golhisar record, albeit
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scarce. Using hydrological and isotopic investigation in an Albanian
lake, Lacey and Jones (2018) presumed annual precipitation of 432 mm
at 14 ka. They also suggested that the precipitation was 26% greater in
the early Holocene than the modern magnitudes (773 mm). Dormoy
et al. (2009)’s pollen-based annual precipitation estimation in the
northern Aegean for the Older Dryas at 14 ka is 430 mm. For the early
Holocene optimum they suggested higher (about 750-800 mm) values.
In their model, the precipitation sharply dropped to 600 mm at 8.2 ka
during the end of the Holocene optimum. Similarly, Pross et al. (2009)
suggested increased seasonality and 25% less precipitation (a drop from
800 mm to 600 mm) during the 8.2 ka event. Eastwood et al. (2007)
produced an almost continuous pollen-based precipitation record from
Lake Golhisar (SW Anatolia) depicting a sharp fluctuation between 550
mm and 900 mm, which encapsulates the actual value of about 600 mm.

The two remaining quantitative estimates in the literature are from
the southern Levant. Calibration of the 80 stalagmite record with
recent precipitation data demonstrates that precipitation dropped
almost 400 mm (50%) in 5700-5600 yr B.P. compared to earlier (Bar-
Matthews and Ayalon, 2011). Frumkin (2009), similarly suggested that
precipitation decreased 50% in the Dead Sea region around 4.2 ka, based
on 813C series calibrated with current climate data from a Tomarix fossil
trunk.

Quantitative precipitation estimates derived from the past water
balance of Lake Simav display striking similarities to the studies above.
Before the settlement of lacustrine conditions at 12000 BCE, we calcu-
lated a precipitation magnitude of <433 mm, which is comparable to the
Albanian and North Aegean records. The lowermost colluvial wedge
(COL-1) abruptly overlies the lacustrine muds, likely indicating a rapid
lake level drop (Fig. 8). The estimated precipitation around 8 ka is below
460 mm (Table 3; Fig. 10A). Our model also suggests that throughout
the deposition of this colluvium between 6 and 8 ka, the annual pre-
cipitation never exceeded 460-466 mm. This value is considerably
smaller compared to 600 mm obtained from the North Aegean pollen
records (Pross et al., 2009; Dormoy et al., 2009). The Lake Golhisar
record shows a gradual decline in precipitation after 8.5 ka to 600 mm
around 7.9-8.0 ka (Eastwood et al., 2007) (Fig. 10C).

After a relatively humid 2000 yr, we suggest a precipitation magni-
tude of <468 mm at the onset of 4.2 ka event around 1800 BCE For the
same period, Arikan and Yildirim (2018) suggested 420-430 mm of
annual precipitation in Delice Valley (Central Anatolia) using the
downscaling of Macrophysical Climate Model (Bryson and DeWall,
2007). Strikingly, in Lake Golhisar, between 3.6 and 3.8 ka, the annual
precipitation was one of the lowest in the Holocene and perfectly fits the
development of the COL-2 wedge in Lake Simav (Fig. 10A). According to
the proxy data in the trench section, this event started at 440 cm into the
section at exactly 4.2 ka. Earlier, the area received more precipitation
(>500 mm) as evidenced by higher lake levels at around 3400 BCE
(Fig. 10A). However, it seems as if the fluctuating precipitation was
subdued to as low as 490 mm during this high-stage lake level between 6
and 4.2 ka (Table 3).

Later, the precipitation first dropped below 493 mm (at about 1050
BCE) causing a notable shoaling, and then further decreased below 478
mm at around 816 BCE giving rise to the colluvial wedge COL-3 in the
Simav area. Arikan and Yildirim (2018) suggest precipitation for the
semi-arid north-central Anatolia region was only 400 mm at this time.
The period between 800 and 1200 BCE in Lake Golhisar is also a pro-
nounced dry period, as precipitation dropped as low as 650 mm (East-
wood et al., 2007) (Fig. 10C). At 250 BCE, just before the onset of the
uppermost colluvial package, precipitation is the highest (>528 mm) in
the Holocene and strictly coincides with the Roman Warm Period.
Furthermore, the appearance of lacustrine muds over colluvium (COL-4)
in the Bogazkdy trench section is compatible with the Medieval Warm
Period (Mann, 2002), which is characterised by very high temperatures,
similar to the 20th century. This particular period starts at 287 BCE in
the Bereket Plain (Kaniewski et al., 2007) and is known to be a culti-
vation period in the nearby Gravgaz lowland (Vermoere et al., 2000).
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Similarly, the period between 100 and 300 BCE is relatively humid (775
mm) in the nearby Lake Golhisar record (Eastwood et al., 2007)
(Fig. 10C). The subsequent Byzantine Period matches exactly with the
uppermost colluvial wedge (COL-5) and spans 400/450-1000 CE This
was a time of widespread land abandonment in Cappodocia (central
Anatolia) (England et al., 2008). There is a positive shift of 880 after
700 CE, which was interpreted as a sign of drought in Cappodocia (Jones
et al., 2006). The southerly record of Lake Golhisar indicates that the
latest Roman-Byzantine period was also drier (650 mm) compared to the
periods before and after (Eastwood et al., 2007). Here, the subsequent
humid period -one of the wettest of all Holocene- starts at 1000 CE
which is temporally very close to the Lake Simav wetting period at 1100
CE At this time, the precipitation gradient between Lake Simav (491
mm) and Lake Golhisar (900 m) persisted and remained through the
entirety of the Holocene.

8.3. Archaeological implications

The Holocene is marked by several climate events that are charac-
terised by widespread and severe droughts (Bond et al., 1997; Mayewski
et al., 2004). In West Asia, where prehistoric and historic groups alike
mostly relied on rain-fed cereal agriculture for their subsistence, such
drops in precipitation significantly affected the political and social
configurations (Staubwasser and Weiss, 2006). In Anatolia, the resolu-
tion of climate data in conjunction with the archaeological record
remained limited for a long time. However, recent multidisciplinary
investigations in western Anatolia have changed this situation sub-
stantially, providing high-resolution geoarchaeological and climatic
data concerning past societies (Groenhuijzen et al., 2014; Roberts et al.,
2018; Ocakoglu et al., 2019b).

The Lake Simav data add to the current picture of past human-
climate interactions in western Anatolia. Unfortunately, the direct cor-
relation of paleoclimatic data with archaeology is extremely difficult as
local archaeological proxies are lacking. Therefore, our interpretations
will rely on studies from neighboring areas of western Anatolia and
should be treated as tentative.

The estimated annual precipitation from ca. 6500 BCE onwards
(Fig. 10A) allows data-driven insights into the long-term changes in the
social and political organization under oscillating climatic conditions. It
is known that variability in interannual rainfall in west Asia was a sig-
nificant factor that impacted human societies. To this end, inner western
Anatolia may have been one of the areas where such fluctuations
occurred, indicating droughts likely influenced agricultural output in a
negative manner (Massa and Sahoglu, 2015).

Annual precipitation rates from Lake Simav indicate that the pre-
cipitation has never dropped below 250 mm/year indicating the dry
farming threshold has never been exceeded. However, there are multiple
episodes where rainfall rapidly diminishes in the paleoclimatic record
(Fig. 10A). In detail, major events where climate change rapidly occur at
8.2 ka, 4.2 ka, and 3.2 ka — although some variability in timing is
observed regionally. The Early Holocene is a period of wetter and
warmer climate than the Mid and Late Holocene (Kuzucuoglu, 2002;
Dormoy et al., 2009; Pross et al., 2009). In the Simav area, the 8.2 ka
event is stratigraphically manifested at 8000 cal. yr B.P., with a rela-
tively low estimated annual rainfall of <460 mm (Fig. 10A). Dry con-
ditions (always P < 466 mm) persisted with some wet spells until 4100
BCE This sort of aridity would have been problematic for prehistoric
farmer-herder groups in the region, who presumably relied almost
entirely on rain-fed agro-pastoral economies for their subsistence
(Bogaard, 2005; Marston et al., 2021). The faunal record indicates that
after cal. 6000 BCE, west Anatolian farmer-herders began to incorporate
alternative food sources into their diet by increasing the consumption of
marine resources, dairy products, and game meat (Cakirlar, 2012a,
2012b; Horejs and Galik, 2011). Whether there is a meaningful corre-
lation between the increased aridity around 8.2 ka and the slight shift in
subsistence strategies remain to be explored further.
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The area, where Lake Simav is located, has been poorly researched
with regards to the Neolithic period. Akmakca and Findik Kayabas: are
two major sites that are dated to the late seventh millennium B.C. by
pottery comparisons to Hacilar IX-VI (Efe, 1995). Similar sites can be
found in the neighboring provinces of Usak, Eskisehir, and Bilecik where
recent fieldwork identified multiple 7th and 6th millennia B.C. localities
(Efe et al., 2012; Fidan et al., 2020; Yilmaz, 2020; Yilmaz, 2020). Un-
fortunately, the lack of high-resolution radiocarbon dating from these
sites and the fact that most are only known through surveys impede a
direct correlation of Lake Simav rainfall data to the early farmer-herder
response to the changing climatic conditions. As mentioned above,
current evidence suggests that the communities did not abandon set-
tlements following this aridity phase, but instead seem to adapted to
new conditions by increasing the amount of wild fauna and marine re-
sources into their diet.

One of the implications of the precipitation curve from Lake Simav is
the gradual and continuous increase in precipitation from ca. 4000 BCE
onwards, which peaks several times until 3000 BCE (Fig. 10A). Very
similar observations were also made on multi-proxy data collected from
the Kureysler area (Ocakoglu et al., 2019b). This gradual increase in
rainfall coincides with the Late Chalcolithic and Early Bronze Age 1
period in western Anatolia, which is characterised by the establishment
of new settlements, the appearance of centralised and fortified places,
and a re-organization of the political structure (Cilingiroglu and Unlii-
soy, 2017; Schwall and Horejs, 2020) including: Troy, Kiilliioba, Bey-
cesultan, Bakla Tepe, and Liman Tepe (Sahoglu, 2005; Efe, 2007;
Unliisoy, 2018). Based on the data extrapolated from Lake Simav, one
can establish a positive correlation between the increased precipitation
and the upsurge in settlements. Optimizing agricultural production may
have played a role in the establishment of new settlements, major
building projects, a stable political atmosphere, and a possible increase
in population size, which culminated with increasing social complexity
in western Anatolia.

The 4.2 ka event is one of the most rapid climate change events
whose effects can be observed in the archaeological record globally. The
4.2 ka event lasts ca. 300 years from cal. 2200-1900 BCE (Weiss, 2017;
Kaniewski et al., 2018). This extremely arid phase impacted Bronze Age
communities across west Asia including Anatolia (Massa and Sahoglu,
2015; Ocakoglu et al., 2019b). Already in the mid-third millennium B.C.,
we observe a decrease in rainfall in the Lake Simav data, which predicts
a significant decrease in precipitation, with <468 mm (even 470 mm,
see Chapter 7.2) annual rainfall at 1800 BCE (Fig. 10A). In this respect, it
is interesting that settlement mounds around Kiitahya such as Ortaca
and Hoyiiktepe were abandoned prior to the mid-third millennium B.C.
(Tiirktiiziin et al., 2014, 2015a, 2015b). It is unclear whether there is a
meaningful relationship between the low rainfall and the abandonment
of multiple sites in the Kiitahya region around this stage. However, the
paleoclimatic data indicates that this possibility is worth further
research.

The Early Bronze Age III central site of Seyitomer (Kiitahya) was
destroyed by a severe fire event around cal. 2220 BCE and it is an
interesting case for assessing the impact of the 4.2 ka event in western
Anatolia (Harrison, 2021; Ocakoglu et al., 2019b). Likewise, nodal sites
like Troy contain multiple fire episodes between cal. 2200-2000 BCE
(Unh’isoy, 2018). Massa (2014) demonstrates that fire events across
Central and Western Anatolia reach the first peak around mid-third
millennium B.C. and then another peak is reached around cal. 2200
BCE One of the reasons why the timeliness of these fires, abandonments
and/or re-organisations may be a result of the arid phase in these cen-
turies, which put political and economic structures under stress and
made them extremely vulnerable. Yet again, the lack of archaeological
data from the Simav area impedes direct comparison of the lake data
with archaeological proxies.

Yet another major arid phase is recognised in the 10-9th centuries B.
C. (Early Iron Age) when the annual rainfall is estimated to have fallen
below 478 mm (Fig. 10A, Table 3). This period partly coincides and post-
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dates the globally recognised 3.2 ka rapid climate change, marking a
widespread political crisis and societal collapse after cal. 1200 BCE in
the eastern Mediterranean (Weiss et al., 1993; Kaniewski et al., 2015).
However, in this case, the climatic trend of aridity might have lasted
much longer than a few generations. Paleoclimatic proxies suggest that
there is a long-term cold and arid phase that lasted globally almost until
the Roman Climatic Optimum (Drake, 2012). Our results from Lake
Simav show an arid episode that lasts until 500 BCE, in line with the
global trends.

In Anatolia, the collapse of the Hittite Kingdom and the emergence of
new polities afterward are directly associated with a severe drought as a
consequence of this arid phase and the 3.2 ka event (Seeher, 2010; Ross
et al.,, 2019). In archaeological terms, the Early Iron Age in western
Anatolia is poorly understood and is mainly associated with human
mobility and migrations from the Balkans. This movement of people
manifested itself in the archaeological record as a new type of archi-
tecture and hand-made pottery (Voigt and Henrickson, 2000). These
groups established settlements around Ankara, Eskisehir, and Kiitahya
which evolved into the Phrygian Kingdom with its capital at Gordion
(Tiifekei Sivas, 2007a, 2007b). Recent archaeological work at Gordion
shows a continuation of habitation from the 10th into the 4th century B.
C without a phase of abandonment (Rose, 2017). Kealhofer and Marsch
(2019) suggest that it was possible for Phrygian groups to thrive within
this long-term aridity phase by adapting various agro-pastoral strategies
such as irrigation farming, caprine management, grazing and
pastoralism.

Multi-proxy paleoclimatic data indicates that 200 BCE - 150 CE can
be identified as the “Roman Climate Optimum” in the Mediterranean
with stable, warm and humid conditions (McCormick et al., 2012). Lake
Simav proxies (Fig. 7) demonstrate high lake levels and rainfall was
prevalent after 250 BCE which coincides well with the Roman Climate
Optimum. Archaeological data from Kiitahya is consistent with this
picture. Multiple cities were founded in Kiitahya Region during the
Hellenistic and Roman periods (Ramsay, 1960). Among these, Aizanoi
(Gavdarhisar) is archaeologically well researched. During the Imperial
period, Aizanoi became prosperous by producing cereals, wool and
wine, all pointing towards favorable and stable climatic conditions
(Ozer, 2011). In this sense, Lake Simav reflects this favorable environ-
ment during this period.

9. Conclusion

We traced the Holocene climatic changes in Lake Simav (W Anato-
lia), which swung between endorheic and exhorheic conditions
throughout its history, using a bunch of techniques ranging from sedi-
mentology to hydro-balance modeling. Sedimentological observations
coupled with analytical multi-proxy data revealed the precise lake level
fluctuations whereas a hydro-balance model based on the modern hy-
drological dataset enabled the absolute precipitation estimations for
some past endorheic periods.

We discovered centennial colluvial wedge developments over
lacustrine sediments at around 8.0 ka, 3.8 ka, 2.9 ka, 2.4 ka and 2.0 ka.
Our past hydro-balance model results demonstrate that during the for-
mation of the first three wedges that can match with the global dry
events of 8.2 ka, 4.2 ka and 3.2 ka, the annual precipitations would have
been below 460 mm, 468 mm, and 478 mm respectively, whereas the
current precipitation fluctuates around 800 mm. These drought events
have contemporaneous correlatives in Eski Acigol (Central Anatolia)
and Lake Golhisar (SW Anatolia contemporaneous) records, that indi-
cate climate was a dominant driver on sediment dynamics (Fig. 10). In
the Chalcolithic-Early Bronze Age I periods between 4000 and 2000
BCE, the lake level was generally high and the lake was outflowing.
Although we lack local archaeological proxies, this was a period of
proliferation characterised by the increased number of settlements, the
appearance of centralised and fortified places, and the political re-
organisations in western Anatolia in general. The 4.2 ka event started
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at around 2150 BCE in the Simav area and reached a climax grossly
around 1800 BCE with annual precipitation <468 mm. A precipitation
deficit of likely more than 20% in this event compared to the previous
wet period was coeval with frequent fires and widespread abandonment
of Early Bronze Age settlements in wider western and central Anatolia
(Massa, 2014). Similarly, a subsequent wet period (P > 500 mm) of high
lake level was interrupted first by a mild drought at about 1050 BCE
(3.2 ka event) and turned out later a severe drought with less than 478
mm annual precipitation at 816 BCE This long-term aridity lasted until
ca. 500 BCE in Lake Simav, which is in line with the regional paleocli-
matic proxies. The local political entities around this time adapted to
aridity by implementing a variety of agro-pastoral and residential stra-
tegies which kept them resilient in the face of a long-lasting drought that
only ceased with the Roman Climatic Optimum around 250 BCE.
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