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Abstract Palacoclimate variability must be constrained to predict the nature and impacts of

future climate change in the Eastern Mediterranean. Here, we present a late Holocene high-resolution
multiproxy data set from Kocain Cave, the first of its kind from SW Turkey. Regional fluctuations in
effective-moisture are recorded by variations in magnesium, strontium, phosphorous and carbon isotopes,
with oxygen isotopes reacting to changes in precipitation and effective-moisture. The new record shows

a double-peak of arid conditions at 1150 and 800 BCE, a wet period 330-460 CE followed by a rapid shift
to dry conditions 460-830 CE, and a dry/wet Medieval Climate Anomaly/Little Ice Age pattern. Large
discrepancies exist between Turkish records and the Kocain record, which shares more similarities with
other Eastern Mediterranean coastal records. Heterogeneity of regional climate and palaeoclimate proxy
records are emphasized.

Plain Language Summary Records of past climate are essential in the Eastern
Mediterranean to understand regional impacts of modern climate change. In combination with
archeology, these allow us to examine climatic impacts on people in the past to help us prepare for the
future. Here, we examine a stalagmite (Ko-1) from Kocain Cave, southwest Turkey, which contains
information about past climate change in its chemistry. Measurements of trace-metals and carbon
isotope ratios record the amount of water entering the cave, oxygen isotope ratios record rainfall amount.
Measurements of uranium are used to date the climate changes. Earthquakes that damaged nearby cities
and caused tsunamis changed the angle of the stalagmite, providing more evidence for dating the sample.
The Kocain Cave record shows climatic conditions changed frequently in southwest Turkey. Important are
dry conditions 1150 and 800 BCE, wet conditions 330-460 CE followed by a rapid shift to dry conditions
460-830 CE, and a dry/wet Medieval Climate Anomaly/Little Ice Age pattern. These climate changes
were different to records from elsewhere in Turkey and matched better with coastal records from Greece
and Lebanon/Israel. The complex nature of past climate is emphasized due to varied climatic regions in
Turkey and the many impacts on each record.

1. Introduction

To predict the nature and impacts of future climate change in the Eastern Mediterranean (EM), a “hot-
spot” which will experience severe impacts (Giorgi, 2006), past climatic variability must be constrained
(Masson-Delmotte et al., 2013). Paucity of meteorological data (<100 years) renders palaeoclimate records
vital for understanding spatio-temporal variance. Likewise, an abundance of archeological data facilitates
analysis of human-climate-environment interactions and resilience of past societies to climatic fluctuations
(Luterbacher et al., 2012).

JACOBSON ET AL.

10of 13


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-0583-777X
https://orcid.org/0000-0003-3203-913X
https://orcid.org/0000-0003-2742-9483
https://orcid.org/0000-0003-1115-5166
https://orcid.org/0000-0002-5305-9458
https://orcid.org/0000-0002-7027-5881
https://orcid.org/0000-0001-8372-6998
https://doi.org/10.1029/2021GL094733
https://doi.org/10.1029/2021GL094733
https://doi.org/10.1029/2021GL094733
https://doi.org/10.1029/2021GL094733
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021GL094733&domain=pdf&date_stamp=2021-10-18

 od |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL094733

35°N

30°N 8

Winter Precipitation (mm/month)

0 40 80 120 160
25°E 30°E 35°E 25°E 30°E 35°E

Mean OWDI scPDSI

-25 -2 -15 -1 -05 0 05 1 15 2 25

Figure 1. Late Holocene palaeoclimate archives (triangles) compared with CRU TS4.04 (University of East Anglia
Climatic Research Unit et al., 2020) winter (November-March) precipitation and OWDA-derived PDSI (Cook

et al., 2015) during agricultural drought periods (1580-1610 CE and 1980-2000 CE). Dotted square highlights Figure 2c.
Data generated in the KNMI Climate Explorer (van Oldenborgh, 2020).

The climate of the EM is heterogenous over short distances (Ulbrich et al., 2012). Figure 1 shows spatial
variations in winter precipitation and Old World Drought Atlas (OWDA)-derived Palmer Drought Severity
Index (PDSI) for two agricultural drought periods (Cook et al., 2015; University of East Anglia Climatic
Research Unit et al., 2020), which are largely determined by effective-moisture. Agricultural droughts in
(semi-)arid regions have a greater societal impact than individual climatic variables (Dalezios et al., 2017;
Jones et al., 2019; Mannocchi et al., 2004). Confidently reconstructing this variability requires a dense net-
work of precisely dated and highly resolved palaeoclimate records. Past spatio-temporal climate variability
in the EM is, however, poorly documented due to unevenly distributed records (Burstyn et al., 2019; Luter-
bacher et al., 2012).
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Extensive archeological and pollen investigations (e.g., Vandam et al., 2019; Woodbridge et al., 2019) make
SW Turkey a suitable testbed for examining human-climate-environment interactions. However, high-reso-
lution palaeoclimate datasets from the region only extend back ~1,000 (tree-rings) and ~1,400 (Lake Salda)
years (Danladi & Akger-On, 2018; Heinrich et al., 2013), or do not cover the late Holocene (Dim Cave;
Rowe et al., 2020; Unal-Imer et al., 2015, 2016). Stable-isotopes from Lake Golhisar (Eastwood et al., 2007)
reveal low-resolution (~80 years) changes in lake water balance (LWB) throughout the Holocene, albeit
with significant dating uncertainties of =165 years. This record and tree-rings are seasonally biased to-
wards spring/summer, whereas precipitation mainly occurs in winter (Peterson & Vose, 1997). High-res-
olution palaeoclimate archives are available from other regions of Turkey (Lake Nar, Sofular Cave; Dean
et al., 2018; Goktiirk et al., 2011); however, these are not local and experience wholly different climatic
conditions (Section 5.1). Here, we provide a new speleothem record (Ko-1) from Kocain Cave, SW Turkey,
to fill the late Holocene gap. We present highly resolved trace-element (T-E) data starting ~950 BCE, and a
stable-isotope record that extends from the present to ~1350 BCE. An age-model is constructed from ura-
nium-series dates (3*°Th), with supporting evidence from the impact of historically attested earthquakes on
Ko-1. This enables us to establish high-resolution climate variability in SW Turkey for >3,000 years during
the late Holocene.

2. Cave Setting

Kocain Cave (37°13'57" N, 30°42'42" E; 730 m asl), western Taurus Mountains, formed within dolomitic
Jurassic-Cenomanian shallow-marine limestones (Text S1, Figure S1 in Supporting Information S1; Dem-
er et al., 2019) and is exceptionally large (opening width: 75 m; gallery size: 36,000 m?). Kocain has been
utilized by humans since the Neolithic and contains a Roman spring-fed cistern, dated by early Christian
inscriptions (Talloen, 2015). Terrain above the cave is sparsely covered by typical C3-type Mediterranean
vegetation, mainly evergreen shrubs (Kog et al., 2020).

Precipitation (1929-2018; Peterson & Vose, 1997) at Antalya exhibits a marked winter-peak, 90% oc-
curring November-March, and high inter-annual variability, ranging from 207 mm (2008) to 1,914 mm
(1969). Alike the entire EM (Lionello, 2012; Xoplaki et al., 2018), SW Turkey experiences spatial hetero-
geneity of climate across short distances (Figure S2 in Supporting Information S1). Moisture is brought
by westerly storm tracks (Ulbrich et al., 2012) and mountains promote orographic precipitation caused
by rising moist air and associated rainout effects (Evans et al., 2004). Weather station data (Figure 2b)
reveals that despite similar seasonal patterns, coastal stations (e.g., Antalya) are significantly warmer
and wetter than inland stations (e.g., Isparta). Precipitation and temperature are enhanced during
negative phases of the North-Sea Caspian Pattern (NCP), Arctic Oscillation (AO), and North Atlantic
Oscillation (NAO), likely linked to increased cyclonic activity and circulation over the warm Mediter-
ranean; however, these patterns are not the same across Turkey (Sarig et al., 2010; Unal et al., 2012;
Section 5.1).

3. Materials, Methodology and Chronology

The actively growing stalagmite (Ko-1) from Kocain Cave, was collected ~450 m from the cave entrance in
August 2005. Bedrock thickness above Ko-1 is ~80 m. A total of 31,503 measurements of T-Es (Ca, Mg, Sr,
and P) were performed on the top 156 mm at a resolution of ~5 um using Laser Ablation-Inductively Cou-
pled Plasma-Mass Spectrometry (Tanner et al., 2002). For oxygen (8'0) and carbon (8'3C) isotope measure-
ments, the first 174.5 mm was sampled at intervals of 0.5 mm or less, providing a total of 370 measurements.
Further methodological description and sample extraction locations can be found in Text S2 and Figure S3
in Supporting Information S1.

For the chronology of Ko-1, 25 2*°Th ages were produced (following the analytical protocol of Cheng
et al., 2013) ranging from 61 + 51 to 3387 + 80 BP (years before 1950 CE). Eight ages affected by significant
detrital contamination (#*°Th/?**Th ratios <30) were not included in the age model (Figure 3b). The 17
remaining 2°Th ages have uncertainties varying from +38-133 years (M = +67) and only one, at 43 mm
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Figure 2. Conditions in the region surrounding Kocain cave. (a) Late Holocene palaeohydrological data with periods of high/low effective-moisture (green/
brown shading), as indicated by original authors (Burdur, Gravgaz, Salda, Bereket) or deviations from the mean (Kocain, Golhisar). The cistern terminus

post quem (312 CE), soot layers (Kog et al., 2020), and dust-layer (335-485 CE) are displayed. (b) Average monthly precipitation (solid lines) and temperature
(dashed lines) from weather stations in SW Turkey (Peterson & Vose, 1997). (c) Map of SW Turkey with late Holocene palaeoenvironmental archives (triangles)
and weather stations (squares); colors correspond to stations in panel (b).

depth, is not in stratigraphic order. Using these dates and the known collection date (August 2005), a Stal-
Age age-model (Scholz & Hoffmann, 2011) was calculated.

Lateral shifts in the growth-axis at 457 + 100 CE (87.8 mm) and 176 + 30/-139 CE (110.3 mm) associated
with historically attested regional earthquakes provide additional evidence for the reliability of the con-
structed age-model. Tectonic activity altering the cave floor tilt is often a cause for speleothem growth-axis
changes (Becker et al., 2006; Cadorin et al., 2001; Forti & Postpischl, 1984; Gilli, 2004, 2005). For the ~457
CE displacement, earthquakes in 500, 518, and 528 CE were responsible for destruction of buildings in SW
Turkey (Ergin et al., 1967; Gates, 1997; Malalas, 2017; Pirazzoli et al., 1996; Similox-Tohon et al., 2006; Sti-
ros, 2001; Waelkens et al., 2000). The ~176 CE deviation is closely linked to an earthquake in 142 CE which
caused extensive damage locally and a tsunami (Altinok et al., 2011; Ambraseys, 2009; Erel & Adatepe, 2007;
Kokkinia, 2000; Papadopoulos et al., 2007; Tan et al., 2008). Further details of growth-axis deviations and
speleoseismology can be found in Text S3 and Figure S5 in Supporting Information S1.
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Figure 3. Stable-isotope (%o) and trace-element (mmol/mol~!) palaeoclimate proxy records from Kocain Cave. (a) Ko-1 proxies aligned so peaks represent
wetter conditions. Trace-elements are displayed as annual (gray) and 15-year (colors) averages. (b) StalAge model for Ko-1. Earthquakes were not input to the
model. (c) Comparison between Mg/Ca and 880 ratios. Blue line represents the mean value of both records (0.88 mmol/mol~! and -3.76%o).

4. Interpretation of the Ko-1 Multi-Proxy Record

813C and 880 values from Ko-1 were previously interpreted as reflecting changes in winter temperature
and associated snow melt (Goktiirk, 2011). New T-E measurements (Figure 3) disprove this interpretation,
indicating variations in the multi-proxy record can be used to characterize regional fluctuations in effec-
tive-moisture (Mg/Ca, Sr/Ca), effective-moisture/biological activity (P/Ca, 8'3C), and effective-moisture/
precipitation amount (8'30).

All Ko-1 proxy records correlate and are visually similar as all are influenced, to various extents, by chang-
es in effective-moisture (Figure 3a and Figure S6 in Supporting Information S1). Prior calcite precipita-
tion (PCP) occurs when cave drip-waters reach a gas phase above the cave with lower partial pressure of
carbon dioxide (pCO,) than the soil gas CO, with which they were previously in equilibrium (McDonald
et al., 2004). This enhances Mg/Ca, Sr/Ca, and 8'C ratios, as Ca?* and >C are preferentially deposited
(Fohlmeister et al., 2020; McDermott et al., 2006). Additional PCP occurs in periods of low effective-mois-
ture as there are more aerated spaces above the cave and longer aquifer interaction times (Fairchild &
Treble, 2009; Treble et al., 2003; Tremaine & Froelich, 2013). A positive correlation between Mg/Ca and
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Figure 4. Late Holocene Eastern Mediterranean palaeoclimate data

compared with Ko-1 Mg/Ca (15-year averages) and 5'%0 (%oVPDB). Peaks
in all records (excl. Jsibeli) indicate wetter conditions. Warm/cold intervals

log(Rb/Sr)

Mg/Ca

Jan-May Temp. (°C)

%0 (%o VPDB) %0 (%o VPDB)

510 (%0 VPDB)

are: Crisis Years Cold Event (CYCE), Roman Climatic Optimum (RCO),
Dark Ages Cold Period (DACP), Medieval Climate Anomaly (MCA), and

Little Ice Age (LIA). For references, see text.

Sr/Ca (r = 0.57, p < 0.0001) provides evidence for PCP (Wassenburg
et al., 2020). During drier intervals, longer groundwater residence times
will enhance Mg/Ca further, but not Sr/Ca, due to dissolution of the over-
lying dolomitic limestones (Fairchild & Treble, 2009).

Increased effective-moisture enhances vegetation cover, soil microbial
activity and drip-rates, and causes the ratio between C, and C, plants to
increase (Cheng et al., 2015; Genty et al., 2001). C, plants are adapted to
warm and (semi-)arid climates and have ~14%o. less negative 8'3C than
C, plants (Farquhar, 1983; Farquhar et al., 1989; Henderson et al., 1992).
Increased biological activity depletes stalagmite 8'3C values and releases
bio-available P that is transported during intense soil infiltration (Fairch-
ild et al., 2001, 2007; Treble et al., 2003). The influence of effective-mois-
ture on P/Ca ratios is supported by strong negative correlations with Mg/
Ca (r = —0.60, p < 0.0001) and Sr/Ca (r = —0.87, p < 0.0001). A positive
correlation between §®0 and 83C (r = 0.47, p < 0.0001) provides evi-
dence for kinetic fractionation, likely related to fluctuations in drip-rate
(Hendy, 1971). However, the interpretation of 8'%0 in Ko-1 is complicat-
ed, as with other Turkish speleothems (see Fleitmann et al., 2009; Gok-
tiirk, 2011). Global Network of Isotopes in Precipitation (GNIP) data from
Antalya (Figure S8 in Supporting Information S1; IAEA/WMO, 2021)
show a negative correlation between 8'*0 and precipitation (r = —0.30,
p < 0.0001; "the amount effect”; Dansgaard, 1964), and a stronger corre-
lation with temperature (r = 0.44, p < 0.0001). Precipitation seasonality
will also alter 8'%0, with isotopically lighter 8'0 precipitated in winter
(November-March; M = —5.6 %o, SD = 2.1) compared to summer (June—
August; M = —3.4 %o, SD = 2.6). In Ko-1, more negative 50 coincides
with lower Mg/Ca (Figure 3), this relationship can be explained by the
importance of precipitation (and temperature) in determining effec-
tive-moisture (Sinha et al., 2019).

Furthermore, agreement between high magnitude changes in the Ko-1
proxies, and other regional proxies, suggest they reflect effective-mois-
ture (Figures 2 and 4; Section 6). Most notable is a distinct phase of high
effective-moisture (330-460 CE), near-contemporaneous with a distinct
brown/orange dust-layer on Ko-1 (87.3-98 mm; 335-485 CE), containing
a soot layer (Kog et al., 2020), and cistern construction in Kocain Cave
(Figure 2). A prominent labarum/Chi-Rho symbol R gives this cistern
(~250 m? capacity) a 312 CE terminus post quem (earliest possible con-
struction date), as that is when the symbol was incorporated as a shield
emblem by Emperor Constantine (Cameron & Hall, 1999), its use re-
mained extensive until the sixth century CE (Horandner & Carr, 2005).
During numerous visits to the cave by the authors between August 2005
and April 2019, this cistern was 0%-10% full (0-25 m?®) and spring flow
was occurring but minimal. We suggest it was built during a period of
greater spring flow and this, combined with the caves large opening
width, made it suitable for use by herders. This assumption is further
supported by a regional increase in grazing during the Late Roman Peri-
od (300-450 CE), specifically a shift towards goat herding in “marginal”
mountainside areas (De Cupere et al., 2017; Fuller et al., 2012; Izdeb-
ski, 2012; Poblome, 2015). Animal herds' use of the cistern would have
mobilized fine dust from the cave floor, which was then incorporated
into the stalagmite. High Fe/Ca ratios are detected in this layer, suggest-
ing dust particles were trapped as it was precipitated (Fairchild & Tre-
ble, 2009; Figure S4 in Supporting Information S1). This mechanism
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could explain the dust-layer; which would usually suggest drier conditions if corresponding to increases in
Mg/Ca (see Carolin et al., 2019).

High effective-moisture in the fourth and early fifth centuries CE is also evidenced by wild weeds that
require high moisture availability growing in the territory of Sagalassos (Bakker et al., 2012; Kaniewski
et al., 2007); wetland conditions and spring reactivation in the Bereket Valley and Gravgaz Marsh (Bakker
et al., 2013; Kaptijn et al., 2013; Van Geel et al., 1989; Vermoere et al., 2002); and deep-water conditions at
Lake Burdur (Tudryn et al., 2013). Similar changes are evidenced in EM proxies, suggesting this wet phase
was a regional phenomenon (see below). The above interpretations, and corroborating evidence, strength-
en our claim that decreases in Ko-1 Mg/Ca, Sr/Ca, 8'3C and 8'#0, with increases in P/Ca, are indicative of
wetter climatic conditions in SW Turkey.

5. Ko-1 Record and EM Palaeoclimate

Key palaeohydrological changes for SW Turkey are reflected in geochemical proxies in Ko-1 (Figure 3,
Figure S7 in Supporting Information S1). First, distinct phases of low effective-moisture are centered at
~1150 and ~800 BCE, with intervening wetter conditions between ~1000 and 900 BCE. Second, high effec-
tive-moisture occurred between ~330 and 460 CE, followed by a rapid shift to drier conditions that lasted
until ~830 CE. Finally, there was a dry/wet Medieval Climate Anomaly (MCA; 850-1300 CE)/Little Ice Age
(LIA; 1400-1700 CE) pattern, with high variability during 1450-1550 CE.

Marked palaeohydrological changes between 1200 and 750 BCE are widespread and often associated with
cold phases, such as the 3.2 and 2.8 ka events and Crisis Years Cooling Event (CYCE), and reductions in solar
irradiance (Kaniewski et al., 2019; Mayewski et al., 2004; Steinhilber et al., 2009; Wanner et al., 2015). Links
between these changes and socio-political change remain controversial (Drake, 2012; Finné et al., 2017;
Kaniewski et al., 2013; Knapp & Manning, 2016; Manning et al., 2020). While similar palaeohydrological
changes to those revealed by Ko-1 are observed in records such as Golhisar, Skala Marion, and Tell Tweini
(Eastwood et al., 2007; Kaniewski et al., 2019; Psomiadis et al., 2018), others are dissimilar (Figure 4).
No aridification is observed at Sofular, Nar, or Tecer (Dean et al., 2018; Fleitmann et al., 2009; Goktiirk
et al., 2011; Jones et al., 2006; Kuzucuoglu et al., 2011), whereas a single shift to more arid conditions is evi-
denced at Iznik, Van, Mavri Trypa, Jeita, Soreq, and in the Middle East in general (Bar-Matthews et al., 2003;
Barlas Simsek & Cagatay, 2018; Cheng et al., 2015; Finné et al., 2017; Sinha et al., 2019; Ulgen et al., 2012).

Wet conditions between ~330 and 460 CE rapidly shift to an arid phase between ~460 and 830 CE in the
Ko-1 record, roughly coincident with the Dark Ages Cold Period (450-800 CE; Helama et al., 2017; Figure 4).
An effective-moisture peak in SW Turkey is supported by local palaecoenvironmental evidence and archeo-
logical evidence in Kocain Cave (see above). Similar wet peaks are observed across the EM at ~300-500 CE.
Speleothem 830 data from Mavri Trypa and Skala Marion caves demonstrate wet conditions at ~300-350
CE (Finné et al., 2017; Psomiadis et al., 2018). Effective-moisture proxies from Lake Trichonida show an
apparently delayed response, with the records wettest phase between ~420 and 500 CE (Seguin et al., 2020).
Reconstructed precipitation based on Dead Sea data suggests ~350-490 CE may be the wettest interval in
the late Holocene for the southern Levant, whereas a depletion of isotopes from Jeita Cave suggests a break
from arid conditions between ~320 and 400 CE (Cheng et al., 2015; Morin et al., 2019).

Generally, these wet phases are followed by a rapid shift to drier conditions in the fifth century (Figure 4). This
pre-dates the Late Antique Little Ice Age (LALIA)/”536-550 CE climate downturn” (Biintgen et al., 2016;
Newfield, 2018), a phasing that is also observed in records from the Middle East (e.g., Sharifi et al., 2015).
However, other Turkish records show very different palaeohydrological changes. Locally, wet conditions
prevailed longer: high detrital and low carbonate content at the start of the Lake Salda record (~550-600
CE) indicate wet conditions, cluster analysis of pollen and non-pollen palynomorphs from Gravgaz Marsh
reveal wet conditions until 640 CE, and 880 data from G6lhisar remains depleted until ~800 CE (Bakker
et al., 2011; Danladi & Akcer-On, 2018; Eastwood et al., 2007). Records from northern (Sofular), central
(Nar, Tecer) and eastern (Van) Turkey show the inverse to Ko-1, with a marked dry phase starting ~300-350
CE, followed by a shift to humid conditions at ~500-550 CE that endured for centuries (Barlas Simsek &
Cagatay, 2018; Dean et al., 2018; Fleitmann et al., 2009; Kuzucuoglu et al., 2011).
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Enhanced variation in effective-moisture is evidenced in the Ko-1 record from ~800 until 1850 CE (Fig-
ures 3 and 4). From ~900 CE until ~1460 CE, drier conditions prevailed, with more-humid intervals every
~120-150 years (~1030, ~1180, ~1300 CE), encompassing the MCA. Hydroclimate was highly variable
between ~1450 and 1550 CE, experiencing an extreme dry-wet-dry-wet pattern. The driest conditions in
the entire Ko-1 record occur between 1510-1530 CE, indicated by the highest 880 value and 15-year Mg/
Ca and P/Ca averages. Subsequently, effective-moisture was still highly variable but elevated until ~1840
CE, a period roughly coincident with the LIA (1400-1850 CE). Reconstructed winter-spring temperatures
from tree-rings in Jsibeli suggest cooling after ~1500 CE, with the coldest conditions at ~1750 CE (Heinrich
et al., 2013), when there was a break from high effective-moisture at Kocain (Figure 4).

The dry/wet MCA/LIA pattern observed at Kocain Cave contrasts with other records from Turkey (Burdur,
Salda, Nar, Sofular, Iznik), which show the inverse pattern (Danladi & Akger-On, 2018; Dean et al., 2015;
Fleitmann et al., 2009; Tudryn et al., 2013; Ulgen et al., 2012), and from the Fertile Crescent (Jeita, Kfar
Giladi, Soreq, Gejkar, Neor), which show no pattern (Bar-Matthews et al., 2003; Cheng et al., 2015; Flohr
et al., 2017; Luterbacher et al., 2012; Morin et al., 2019; Sharifi et al., 2015; Figure 4 and Figure S9 in
Supporting Information S1). Most high-resolution Greek/Aegean records do not cover this more recent
time interval. However, Trichonida log(Rb/Sr) exhibits strong similarities to Ko-1 (Figure 4). Dry conditions
~900-1450 CE follow a wetter phase ~850 CE, with breaks at 1050 and 1300 CE. Increased effective-mois-
ture is then demonstrated until 1650 CE, before another peak in the early 19th century CE, also evidenced
in Nar diatom 880 (Dean et al., 2018; Seguin et al., 2020).

5.1. Heterogeneity of Eastern Mediterranean Climate and Proxies

Large discrepancies exist between the Ko-1 record of effective-moisture and other hydrological proxies from
the EM, most likely caused by: (a) spatial climate variations and challenges in palaeoclimate analysis, relat-
ed to (b) interpretation of different types of proxies with varied sensitivity to hydroclimatic change, and (c)
chronological uncertainties. The greatest differences between records discussed here are observed between
Ko-1 and other records from Turkey. Climatic heterogeneity in SW Turkey is more extreme across the large
country (780,000 km?), which has complex and diverse topography, and numerous moisture sources (Li-
onello, 2012; Xoplaki et al., 2018). These factors lead to varied temperatures (Aydin et al., 2019), seasonal
patterns (Saris et al., 2010), and impacts from teleconnections (Unal-Imer et al., 2015; Unal et al., 2012).

The two other high-resolution Turkish records that contrast with Ko-1, Lake Nar (central Anatolian plateau:
CAP) and Sofular Cave (NW Turkey; Black Sea coast), are in completely different climatic regions. The
high elevation CAP region experiences low precipitation (m = 455 mm/yr—!), with two peaks (April-May/
October-December), and cold semi-arid and dry continental climates (Oztiirk et al., 2017; Peel et al., 2007).
The Black Sea coast is temperate, with precipitation of a similar magnitude to SW Turkey (m = 915 mm/
yr~1), but there is no dry season and precipitation is high throughout the year (Goktiirk et al., 2008, 2011;
Karaca et al., 2000). The impact of large-scale atmospheric teleconnections (NCP, AO, NAO) also differs in
these regions, compared to SW Turkey which has enhanced precipitation and temperature during negative
phases (Kutiel et al., 2002; Sezen & Partal, 2019). Negative phases cause higher temperatures across Turkey,
particularly in winter. However, the CAP experiences significantly greater increases (Kutiel & Tiirkes, 2005;
Tiirkes & Erlat, 2009). Impacts on precipitation are more varied. The Black Sea weakens the impacts of
teleconnections on precipitation in NW Turkey (Goktiirk et al., 2011; Tiirkes & Erlat, 2003). AO- and NCP-
phases cause their most significant impact on precipitation in SW Turkey (Kutiel & Benaroch, 2002), with
CAP only impacted by AO- phases in winter (Sezen & Partal, 2019) and the transition between enhance-
ments/reductions in precipitation from NCP- phases located <50 km from Nar (Kutiel et al., 2002; Kutiel &
Tiirkes, 2005). NAO influence is weaker and focused on the western and central regions (Unal et al., 2012).
These differences lead to spatial variations in droughts, which impact each record differently (Figure 1 and
Figure S10 in Supporting Information S1; Vicente-Serrano et al., 2010). Lake Nar records LWB, with higher
880 corresponding to hydrological droughts (lake-water deficits) (Jones et al., 2019). Speleothems record
fluctuations in effective-moisture, which are more akin to agricultural droughts (soil-moisture availabili-
ty) (Fleitmann et al., 2009; Goktiirk et al., 2011). However, none of these records are simple, being influ-
enced by multiple climatic and geological/geographical factors, the importance of which changes over time.
Additionally, proxies represent different seasons. The carbonate 880 record from Lake Nar is primarily
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deposited in early summer in response to evaporation and aridity (Dean et al., 2015). Speleothem records
are winter-season biased due to the lighter-isotopic signature of winter precipitation and seasonality of
precipitation (e.g., in SW Turkey).

The impact of temperature change on precipitation and proxy records is also poorly understood and vari-
able. Antalya GNIP data shows a negative correlation between precipitation and temperature (r = —0.53,
p < 0.0001; Figure S8 in Supporting Information S1). However, proxy records show both increases and de-
creases in effective-moisture during periods with lower temperatures: during the CYCE effective-moisture
is low, but during the LIA effective-moisture is high at Kocain Cave (Figure 4).

Comparison between records is further complicated by chronological uncertainties of decadal-centurial
length in lake and speleothem records. Multiple and varied lags are present between climatic changes in
different regions, and between climatic shifts and their signal in records. Different resolutions hinder com-
parison and the specifics of resolutions, that is, whether a sample is an average across a large period or a
specific point in time, are rarely addressed.

6. Conclusion

Stalagmite Ko-1, from Kocain Cave, provides the first highly resolved, well-dated palaeohydrological proxy
record covering the late Holocene for SW Turkey. Key periods of palaeoclimatic change are revealed, nota-
bly: (a) a double-peak of arid conditions (1150 and 800 BCE), (b) a distinct period of high effective-moisture
in the fourth and fifth centuries CE (~330-460 CE), followed by (c) a rapid shift to low effective-moisture
(460 CE) that persisted until ~830 CE, and finally (d) a dry/wet MCA/LIA pattern. Changes were often in
contrast to palaeoclimate records from northern and central Turkey, and sometimes locally, more frequently
correlating with changes in coastal records from the Aegean and Levant regions. Considering the heteroge-
neity of climate and the multitude of impacts on records, palaeoclimatic interpretations are complex and
care must be taken, especially when they are utilized for discussions of societal impacts.

Data Availability Statement

The new Kocain speleothem (Ko-1) uranium-series, trace-element and stable-isotope data used in this study
are available from the NOAA palaeoclimate archive via https://www.ncdc.noaa.gov/paleo/study/33854 and
in the Supporting Information S1. The isotope and trace-element data were provided by the National En-
vironmental Isotope Facility and the Department of Earth Science, University of Cambridge, respectively.
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