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A B S T R A C T

This study investigates the ostracod assemblages obtained from a sediment core from a paleolake in the Sağlık
plain in south-central Anatolia (Turkey). In addition to ostracods, oxygen and.

carbon stable isotopes of ostracod shells were analysed and pollen analysis of the core undertaken. The
sediments comprise the Late Glacial and early Holocene interval with an approximate 14C age from 18,000 to
6700 14C years ago, after applying a correction for reservoir effects. Eight podocopid ostracod species were
recorded, among them Cyprideis torosa and Candona sp. which were used for stable oxygen and carbon isotope
analyses. C. torosa dominated during the Late Glacial while Candona sp. dominated most of the early Holocene
assemblages. Both forms of C. torosa disappear abruptly close to the onset of the Holocene. Around this time,
ostracod preservation was dominated by many black coloured valves and carapaces.

Based on ostracod assemblage data and isotope analyses, relatively wet phases were identified for the Older
Dryas, Younger Dryas, and during the mid-Holocene at around 7500 14C years ago. Relatively dry phases were
identified during the Allerød interstadial, at the end of YD, and at about 6700 14C years ago. An oligotrophic and
brackish lake persisted until shortly before the end of the YD, when, according to the δ 13C values, conditions
gradually became more eutrophic. The sudden disappearance of C. torosa at the end of the YD seems the con-
sequence of anoxic bottom water conditions and/or eutrophication.

Alternating wet and dry phases characterize the early Holocene, with a longer period of wet and oligotrophic
conditions around 7500 14C years ago (ca. 8300 calBP). Ostracod assemblages and isotope records indicate a dry
and more productive lake around 6700 14C years ago (ca. 7550 calBP).

1. Introduction

Lake systems in the Mediterranean region are quite different from
those in cooler climate ecosystems, which are mainly represented by
stratified lakes (Cobelas et al., 2005). Investigating baseline conditions
for such Mediterranean ecosystems are essential for developing con-
servation strategies. It is especially important to know how they may
respond to future periods of global climate change.

Past climate conditions in Anatolia during the Late Glacial and the
Holocene are important not only for discussing the present ecology of
the region, but also to document the interactions of humans and the
environment during prehistory. Anatolia has been populated since the
Early Holocene and is well known for its many Neolithic settlements.

Several Neolithic sites were identified in the Kahramanmaraş Valley
(Atakuman, 2004), e.g. the large Late-Neolithic site of Domuztepe lo-
cated in the eastern Narlı Valley (Fig. 1). Some of the examples of
human- environment interactions during prehistory are the suggested
cultural changes (local adaptations or migration) related to climate
changes during the Late Glacial and early Holocene boundary (Bar-
Yosef, 2011) and rapid climate changes during the Holocene in Neo-
lithic and later societies (deMenocal, 2000; Cullen et al., 2000; Flohr
et al., 2015).

There are several studies on the past environmental and climatic
history of Anatolia using lacustrine sediments from the Late Glacial
(Bottema and Woldring, 1984; Roberts et al., 2001; Wick et al., 2003;
Kashima, 2011; Pickarski et al., 2015; Roberts et al., 2016; Miebach
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et al., 2016) and the Holocene (Eastwood et al., 1999; Jones et al.,
2006; England et al., 2008; Roberts et al., 2011; Woodbridge and
Roberts 2011; Dean et al., 2015). These are usually based on analyses of
pollen, diatoms, stable isotopes and geochemical proxies to track past
environmental changes in Anatolia. Ostracods have a high potential

value as a sediment proxy for past changes in lakes (Frenzel and
Boomer, 2005; Boomer and Eisenhauer, 2002; Boomer et al., 2003).

Results from different proxies show that there were water level
fluctuations in the lakes of Central Anatolia during the Late Quaternary
(Kashima et al., 1997; Kashima, 2002; Kashima, 2003; Roberts et al.,

Fig. 1. Map of the study site.
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2001; Kashima, 2011; Roberts et al., 2016). A lake located in the Konya
Basin during the Last Ice Age (Kashima, 2011) may have existed during
the Younger Dryas (YD) (Kashima, 2002; Kashima, 2003; Kashima,
2011). The climate of the region was relatively dry during the Late
Glacial (Roberts et al., 2016; Wick et al., 2003), more so during the YD
in the sediment record of Lake Van (Wick et al., 2003). Wetter condi-
tions prevailed in the early Holocene (Roberts et al., 2001; Wick et al.,
2003; Roberts et al., 2016), followed by a drier mid Holocene period
(Roberts et al., 2001; Roberts et al., 2016) except in north-central
Anatolia (Kashima, 2011). Sediment records of Seyfe Lake reveal a
wetter period following a period of very dry conditions around 6000 BP
(Kashima, 2011).

The Sağlık II core is among the first records of lacustrine sediment
that dates back to the Late Glacial in south central Anatolia. In modern
day Anatolia there are different climate regions (Türkeş, 1996). The
Sağlık lake sediment record is the first natural archive revealing past
climatic and environmental changes from the sub climatic zone in
which it is located. This part of the world has been relatively highly
populated since the late Glacial. There are many Neolithic sites ex-
cavated and located in this part of the region (Atakuman, 2004). One
such is Domuztepe, the large late-Neolithic site mentioned earlier
(Atakuman, 2004). Göbeklitepe, the world’s oldest temple dated to
between 12,000 calBP and 11,000 calBP (Schmidt, 2010), is located in
the same sub climatic zone in Turkey, and is almost 200 km from our
study site. The aim of our study is to reconstruct the past environmental
history during the Late Glacial and early Holocene of south-central
Anatolia, one of the early farming regions in the world, using a multi-
proxy approach.

2. Study site

The Sağlık Basin is located in the Kahramanmaraş valley, southern
Turkey (36°49′40″E and 37°19′05″N, Fig. 1). It is located in the
northernmost Great Rift Valley, and includes many important lakes and
wetlands. The former lake was located at the deepest part of the Sağlık
plain (Korkmaz, 2008). It was an important wetland area until it was
drained for mosquito control and agriculture in the late 1950s, its
drainage was completed in 1966. After that, the former lake area be-
came known as the Sağlık Plain. Since total drainage was not possible,
there is presently an attempt to restore part of the lake. The paleolake,
together with two other lakes (Emen and Amik) located in Antakya-
Kahramanmaraş rift valley, probably originated as a result of sub-
sidence related to post-Neogene faulting and river capture during the
Quaternary (Korkmaz, 2008). Following the river capture the old valley
dried and left behind three separate lake bodies (Korkmaz, 2008). The
hydrology of the region mainly depends on the surface waters. The local
climate is Mediterranean with warm, dry summers and mild and rainy
winters and although the lake is currently seasonal, it is not monitored
so no further hydrological information is available.

The archaeology of the Kahramanmaraş Valley is comprehensively
treated in Atakuman (2004). Domuztepe, a large Late Neolithic (Halaf
culture) settlement, is also located in the Kahramanmaraş valley. Ex-
cavations show that the site was inhabited around the eighth millen-
nium BP (Carter et al., 2003) from 8100 to 7450 BP (personal comm.
prof. E. Carter, UCLA).

3. Materials and methods

3.1. Coring

The coring of Sağlık II (36°49′40″E and 37°19′05″N) was carried out
in 2003 using a Russian sampler (Woldring and Kleine, GIA) in co-
operation with the University of Manchester and the Cotsen Institute of
Archaeology of the University of California Los Angeles (UCLA). Coring
started at the base of a small trench (180 cm below surface level, the
former lake bed) and terminated at a depth of 1270 cm.

3.2. Dating and isotopes in the sediment

Chronological control was obtained by radiocarbon dating. This
could only be done in a limited way because of a lack of suitable datable
material.

Two AMS radiocarbon dates were obtained from bulk sediment
from different depths (613–615 cm and 1238–1240 cm) in the Sağlık II
(SAĞ II) core in November 2014 (Beta Analytic, laboratory code BETA).
In addition, one AMS radiocarbon date was obtained for bulk sediment
from a depth of 246–250 cm (Groningen University, laboratory code
GrA), and two AMS radiocarbon dates were obtained from bulk sedi-
ment (University of California, laboratory code UCIAMS). The sedi-
ments consist of silts poor in organics (the C content varied between 2.1
and 0.5%). The measured 14C dates are shown in Table 1. They are
reported in BP by convention, which means measured relative to the
Oxalic Acid standard, using the half-life of 5568 years and including
correction for isotopic fractionation based on the stable carbon isotope
13C to δ13C = −25‰ (Mook and Streurman, 1983). These conven-
tional 14C dates require a correction for aquatic reservoir effects, which
are calculated using the model described below (Section 4.1). The
chronological information based on the 5 AMS dates is very limited.
Nevertheless, together with other time markers (such as known age
events observed in the record) a reasonable chronology could be es-
tablished. This is discussed in Section 4.1. From these final 14C age ages,
absolute dates are obtained by calibration using the curve IntCal13
(Reimer et al, 2013). These calibrated dates are reported in calBP, i.e.
calender years relative to 1950 CE (Mook and van der Plicht, 1999).

3.3. Ostracod analysis

A total of 47 samples from the Sağlık II core were used for ostracod

Table 1
Chronological information for the Sağlık II core, shown as a function of sample depth (in cm, column 1). It shows the 5 AMS measurements (columns 2–4): 14C date in
BP, δ13C of the sample and laboratory code. Columns 5–6 show temporal anchor points and their 14C age. Both are used to derive sedimentation lines (see text),
yielding the final 14C ages (column 7). These ages are calibrated (column 8). Column 9 shows the size of the reservoir effect, which is the difference between the final
14C age (column 7) and the measured 14C date (column 2).

Depth (cm) Measured 14C date (BP) δ13C (‰) Laboratory code Anchor point Anchor age Final 14C age Calibrated age (calBP) Reservoir effect

240 6710 7580
246–250 5990 ± 40* −28.27 GrA-63541 6770 7640
280 Jordan river level 7000 7000 7850
613–615 9990 ± 40 −27.40 Beta-393636 9385 10,600 605
720 end YD 10,150 10,150 11,850
820–824 15,240 ± 70 −26.40 UCIAMS begin YD 11,000 11,000 12,820 4240
960–963 18,530 ± 240 −25.70 UCIAMS 13,000 15,600 5530
1150 Botryo-coccus approx. 16,000 15,560 18,800
1238–1240 18,790 ± 60 −26.50 Beta-393637 16,930 20,400 1860
1300 DO-2 17,800 17,800 21,600
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analyses. To assess the ostracod assemblages, approximately 2 cc (about
3 g at about 20 cm intervals through the long core) of wet sediment was
passed through a 63 µm sieve applying a gentle jet of water. The last
wash included pre-treatment with ethanol to prepare shells for possible
future isotope analyses (Mischke et al., 2008). The retained residue was
dried and weighed. All valves in the dry residue was picked and
counted. Specimens were identified to species level by means of a stereo
microscope under 50x magnification. Ostracod identification is based
on Meisch (2000). The ostracod stratigraphy was plotted by means of
C2 software for visualization of the paleoenvironmental data (https://
www.staff.ncl.ac.uk/stephen.juggins/software/C2Home.htm).

3.4. Stable isotope analyses on ostracod shells

About 50–80 µg of ostracod calcite was analysed for stable oxygen
and carbon analyses. Adult valves of C. torosa were used throughout the
core except for the interval 940 and 860 cm and the uppermost half of
the core where, in the absence of C. torosa, adults of Candona sp. were
analysed. Based on the differences in published vital effects on δ 18O of
these two groups (Decrouy and Vennemann, 2013) a correction of
(+0,9‰) is made to the C. torosa data to make them comparable to the
Candona sp. In total, 44 samples were analysed for δ 13C and δ 18O using
a Finnigan MAT253 mass spectrometer connected to an automated
carbonate device (KIEL IV) at the GFZ Potsdam, Germany. They were
automatically dissolved with 103% H3PO4 at a temperature of 72 °C
and the isotopic composition of the released and cryogenic purified CO2

determined. Replicate analysis of reference material (IAEA-NBS19, and
internal C1) reported relative to VPDB yielded standard errors of
0.06‰ for both isotope ratios, δ 13C and δ 18O.

3.5. Sieve pore and body length analyses of C. Torosa

We measured the valve length of female left valves (FLV) of C. torosa
and a couple of carapaces when there were no single FLVs valves pre-
sent, in order to determine if changes in the valve sizes could be used to
infer changes in water chemistry through time, following the work of
Boomer et al. (2016). Also, the shape of 3–4 sieve pores for one FLV of
at least one C. torosa per sample was recorded.

4. Results

4.1. Chronology

Ideally, establishing a chronology for the Sağlık II core should be
based on 14C dating. Unfortunately, it was difficult to obtain samples
suitable for 14C dating due to the often low abundance of organic
carbon. Furthermore, the samples contained aquatic plants and are
therefore subject to reservoir effects which need to be quantified.
Indeed, the samples are depleted in the stable isotope 13C, which is
characteristic for aquatic plants. We were able to obtain only 5 AMS
measurements for the complete core. They are shown in Table 1.

Because of unknown reservoir effects, the 14C dates alone cannot
provide an absolute chronology. But the core does contain anchor
points visible in the proxy records (palynology and ostracod assem-
blage) discussed in this manuscript - such as the beginning and end of
the YD with known absolute dates. The analysis of these anchor points
and 14C dates together yield a reasonable chronology which can be used
in a pragmatic way. We are able to derive two different approximate
sedimentation lines for the Holocene and Late Glacial parts of the core,
as follows.

(a) Holocene part of the core

In the Holocene part of the core, we recognize two extreme climatic
events. First, the end of the YD is located at a depth of 720 cm. This has
a known absolute age of 11,500 calBP (Rasmussen et al., 2014), which

via the 14C calibration curve (Reimer et al., 2013) corresponds to a 14C
age of approximately 10,150 BP.

Second, the ostracod record shows an extreme δ18O event at a depth
of 280 cm. The δ18O value of the carbonate/water system is a proxy for
evaporation, thus climate (Mook, 2006). This depth shows a negative
δ18O, representing a wet phase. We can safely assume this corresponds
to a large moist episode in the region, as observed in the Dead Sea level
and Jordan River valley. This episode is dated to 7000 BP (Frumkin
et al., 1991).

These 2 data points define a line y = 0.14x − 700 (y is depth in cm,
x is 14C age) which can be assumed to represent a rough age-depth
model for this part of the core.

Applying this model to a depth of 614 cm, we obtain a 14C age of
9385 years. This layer has been dated to 9990 BP (Beta-393636), which
in turn means that the reservoir effect of the dated material (aquatic
plant remains) must be 605 years.

Unfortunately, the top layer of the sediment of Sağlik-II has dis-
appeared because of modern human activities. The youngest sample
(GrA-63541) is anomalously young, very likely because of contamina-
tion from the surface. We rejected this measurement (indicated by * in
Table 1). Our age-depth model would give a date of 6710 years for this
level.

The top of the sediment (240 cm) would date to 6710 14C years
according to our model. This is not inconsistent with results from an-
other nearby core from the same lake, Sağlık-I which also yielded an,
unpublished, near-surface 14C date of 6700 BP. At this level, the
Ostracod δ18O signal suggests a dry climatic event. This is also con-
sistent with observations from the Jordan River/Dead Sea region
(Frumkin et al., 1991).

(b) Late Glacial part of the core

The beginning of the YD is observed at a depth of 822 cm. This has a
known absolute age of 12,800 calBP (Rasmussen et al., 2014), which
via the 14C calibration curve (Reimer et al., 2013) corresponds to a 14C
age of approximately 11,000 BP.

We observe that our Holocene depositional model (described above)
would yield 10,870 14C years for 822 cm depth, which is not un-
reasonable given the uncertainties.

The oldest anchor point is from a depth of 1300 cm. The ostracod
record shows the end of the DO-2 warm phase marker as observed in
Greenland ice cores (see Section 5.2.3). This is absolutely dated to
21,500 calBP (Rasmussen et al., 2014), which via the 14C calibration
curve (Reimer et al., 2013) corresponds to a 14C age of approximately
17,800 BP.

These 2 data points define a line y = 0.07x + 49 (y is depth in cm, x
is 14C age) which can be assumed to represent a rough age-depth model
for this part of the core.

For a depth of 1150 cm, we obtain a 14C age of 15560 years. This is
consistent with the observed climate signal from a Botryococcus in an-
other record (Miebach et al., discussed below) and in the ostracod re-
cord (Section 5.2.3).

Applying this model to our sampling depths of 960–963 and
1238–1240 cm, the line yields dates of 13,000 and 16,930 14C years,
respectively. For these depths we measured 14C dates which are much
older. Such is also the case for the 14C date at 820–824 cm depth,
marking the beginning of the YD. The reservoir effects for these three
dates from the Glacial are millennia in size (see Table 1). This is not
uncommon, as groundwater - and thus aquatic plants - in this region
shows “recent” 14C concentrations much lower than those of con-
temporaneous atmospheric and terrestrial organic material, this is
generally the cause of reservoir effects (e.g. Olsson, 1983; Olsson, 1989;
Philippsen 2013). For lacustrine sediments in the Levant region, this is
often taken as low as 68% of the “recent value” in truly terrestrial
samples (Stiller et al., 2001; Meadows, 2005; Roberts et al., 2016). This
value will be determined by a range of factors such as lake chemistry,
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biota and other climate-related variables. The value of 68% corresponds
to an age offset of 3100 14C years.

Table 1 summarizes our chronology as explained above. It shows the
5 measured dates (including δ13C values and laboratory numbers),
sampling depths, anchor points, final 14C ages based on our age-depth
model, reservoir effects (i.e. difference between measured 14C date and
age derived from deposition line), and calibrated dates (in calBP; cali-
brated using IntCal13, Reimer et al., 2013).

The uncertainties for the measured 14C dates are indicated at 1-
sigma level. The derived numbers are estimates, and uncertainties for
these are difficult to assess.

The 14C dates are plotted as a function of depth in Fig. 2. Fig. 2a
shows the measured, corrected and additional 14C dates (see Table 1),
Fig. 2b shows the absolute dates in calBP. Both show a change in se-
dimentation rate around the Glacial/Holocene transition.

The youngest two dates (above 280 cm depth) are not plotted.

4.2. Ostracods

4.2.1. Faunal assemblages
The Late Glacial and early Holocene interval part of the Sağlık II

core was analysed for ostracods. A total of eight species of podocopid
(freshwater) ostracods were observed and identified throughout the
core: Darwinula stevensoni (Brady and Robertson, 1870),
Plesiocypridopsis newtoni (Brady and Robertson, 1870), Ilyocypris sp.
(taxonomy is uncertain; Mazzini et al., 2014), Candona angulata G.W.
Müller, 1900, Candona neglecta Sars, 1887, Cyprideis torosa (Jones,
1850) (both smooth and noded forms), Prionocypris zenkeri (Chyzer and
Toth, 1858), and Limnocythere inopinata (Baird, 1843). Some of the key
taxa recorded in the core are figured in Plate 1. Most of the specimens
referred to Candona consisted of juveniles (Fig. 11).

A few adults of C. neglecta were observed during the Late Glacial
interval (Fig. 3). This species prefers relatively cold waters, but toler-
ates higher temperatures temporarily (Meish 2000). Only at 600 cm
depth, are adult specimens of Candona angulata abundant (Fig. 3). Both
C. neglecta and C. angulata tolerate slightly saline water conditions
(Meish, 2000).

Candona (mostly juveniles), C. neglecta, C. torosa (both noded and
smooth forms), D. stevensoni, Ilyocypris sp. and Prinocypris zenkeri are
present in the lower half of the core that covers the Late Glacial interval
including the Younger Dryas, Allerød interstadial and Older Dryas

(Fig. 3). Cyprideis torosa and Prionocypris zenkeri were only found in the
Late Glacial phase (Fig. 3). P. zenkeri is abundant at the bottom of the
core during the Older Dryas and through to the end of the YD. P. zenkeri
is strictly confined to freshwater conditions (Mischke et al., 2014). Its
presence in lakes is often associated with significant input from nearby
rivers and streams (Meisch, 2000). P. zenkeri has also been recorded in
the modern fauna of high mountain lakes (glacial lakes) of the Kaçkar
region in Turkey (Aygen et al., 2012).

C. torosa is almost absent between 860 and 940 cm, except for two
noded juvenile valves observed at 900 cm depth. C. torosa produces one
generation per year (Heip, 1976). The life cycle of C. torosa can be
predicted with the changing temperature when mortality is constant
(Heip, 1976). The number of adult C. torosa in a population increases
once a year between the end of April and July, August, or October with
the requirement of minimum water temperature of approximately 15 °C
during this time (Heip, 1976). So, the absence of C. torosa during this
time might have been due to colder water conditions in summer during
the YD.

Both smooth and noded forms of C. torosa disappear after 740 cm
and Candona (mostly unidentified juveniles and C. angulata at 600 cm
depth) dominate during the early to mid-Holocene). Near this boundary
(at 740 cm) many black coloured valves/carapaces (which is not the
original colour) of all Cyprideis torosa, Ilyocypris sp. and Candona spe-
cimens were observed. This observation may relate to conditions
bringing about bottom-water anoxia, possibly though eutrophication,
with possible anoxia below the sediment-water interface, this could
facilitate the production of pyrite or manganese imparting a black
colouration to the valves.

Hydrological changes are also supported by pollen evidence dated
to the last phase of the YD (see Section 4.3). The green alga Pediastrum
boreanum shows very high abundances at 740 cm, this could also be
linked to high productivity and low oxygen bottom waters. This
boundary also registers the last presence of C. torosa and P. zenkeri.

C. torosa is a euryhaline species which can tolerate high salinity, up
to 60‰ (Meisch, 2000), and is known to develop nodes in low salinity
environments (Keyser, 2005). Noded forms commonly occur in waters
with a salinity of less than 5‰ (Vesper, 1975; adopted from Mischke
et al., 2014). The presence of both smooth and noded forms of C. tor-
osain the lower part of the core may indicate changing salinity levels at
this time. This species is also observed in sediment records during the
mid and late Holocene of coastal lakes on the Black Sea shore of Turkey

Fig. 2. Radiocarbon chronology for the Sağlık II core. (a) Expected and corrected 14C dates and additional time markers (all in 14C time) (b) Calibrated 14C dates
(shown in cal BP).
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(Sekeryapan, 2011). Cyprideis is never found in ephemeral water
bodies, requiring permanent waters (De Deckker and Lord, 2017). Co-
lonization by C. torosa of inland water bodies requires permanent,
brackish and shallow water bodies under relatively warm conditions
(Pint et al., 2012). Semi-arid climates could stimulate the formation of
such inland water bodies through evaporation. The occurrence of C.
torosa far from marine influence can be used as an indication of rela-
tively dry climate resulting in brackish water conditions (Fig. 3). Al-
though it is assumed that noding is indicative of low salinities (Keyser,
2005), it can occur at all salinities (Schonikov, 1973; adopted from De
Deckker and Lord, 2017), but is more common in low salinity waters.
Other important environmental parameters influencing ostracod
abundance are bottom water dissolved oxygen and CO2 concentrations
(Martin-Rubio et al. 2005). Temporal dysoxic conditions usually cause a
decline in ostracod assemblage diversity levels (Rieradevall and Roca,
1995). In addition to salinity, temperature, dissolved oxygen con-
centration, pH, nutrient level and depth of water all influence fresh
water ostracod abundances (Ruiz et al., 2013).

Candona is present almost throughout the core except at a few
depths (560, 420 and 340 cm), at these depth no ostracods were ob-
served. At 600 cm depth, about 9300 14C years ago, Candona angulata
shows a maximum abundance (Fig. 3; Table 1). The abundance of adult
Candona angulata and C. neglecta valves in the assemblage reaches 59%
(Fig. 4). The large mortality of juveniles probably represents an in-situ
death assemblage with little post-mortem transportation or disturbance
(Whatley, 1983, adopted from Frenzel and Boomer, 2005). Ilyocypris sp.
and Darwinula stevensoni were also observed (Fig. 3) at this depth.

The uppermost part of the core (240–380 cm depth below the sur-
face) contains Candona juvenile and specimens of Ilyocypris sp., D.

stevensoni, Plesiocypridopsis newtoni, and Limnocythere inopinata with the
latter two are restricted to this interval. P. newtoni prefers small stag-
nant water bodies such as ponds, littoral zones of lakes and even rice
fields, on the other hand, L. inopinata is common in shallow open water
and littoral areas of lakes (Meisch, 2000). Ostracod abundance is very
low between 380 and 500 cm depth.

Ostracod assemblages reflect environmental conditions at the time
of deposition. C. torosa population structure during the Late Glacial and
Candona population structure can be seen in Fig. 4. Juvenile/adult ratio
in C. torosa populations during the Late Glacial represents low-energy
biocoenoses (Keatings et al., 2007; Heip, 1976), throughout much of the
Sağlık II core. At 780 cm, however, the juvenile/adult ratio (21:1) in-
dicates higher energy environments (Keatings et al., 2007). At the same
depth, the valve/carapace ratio is also high. High valve/carapace ratios
generally indicate post mortem disarticulation due to current activity,
possibly in tandem with low sedimentation rate (suggesting post-
mortem transportation or disturbance, Boomer et al., 2003). Through
most of the core Candona only occurs as juvenile valves, representing a
taphocoenosis (again suggesting post-mortem transportation or dis-
turbance, Boomer et al., 2003). However, at 600 cm, the juvenile/adult
ratio is 1 and adults occur mainly as carapaces, suggesting a low energy
thanatocoenosis at this depth (in-situ, living population, Boomer et al.
2003).

4.2.2. Stable isotopes
Forty-five samples were prepared for δ18O and δ 13C analysis on

ostracod shells although one sample did not yield enough carbonate
material (Fig. 5).

It is assumed that the δ18O of the water of the former Sağlık lake,

Fig. 3. The Sağlık II ostracod stratigraphy. Number of valves of ostracod species through depth below surface. Different x scale has been used for Darwinula stevensoni,
Plesiocypridopsis newtoni, Candona neglecta, and Prionocypris zenkeri to visualize better these taxa in a same graph.

Fig. 4. Sağlık II population structure of C. torosa and Candona sp.
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located in low-lying, undrained topography and a semi-arid region,
primarily changed in response to the balance of precipitation/eva-
poration. The source of precipitation to the lake was probably both
from the Atlantic Ocean and Mediterranean Sea. Higher values mean
more evaporative/concentrated conditions (Leng and Marshall, 2004).
In our records, it appears that the precipitation/evaporation ratios be-
tween Late Glacial, early and mid- Holocene were different. Evapora-
tion was higher during the Allerød interstadial and most of the Holo-
cene except for a wet phase during the mid-Holocene. The Older Dryas,
Allerød interstadial, and YD are clearly distinguished in our δ18O re-
cord.

According to the measured δ18O values, higher precipitation cli-
matic conditions prevailed at the bottom of the core (DO-2 and Older
Dryas), during the YD, and in the mid-Holocene. Evaporation was
higher during Allerød interstadial, early Holocene, and in the upper-
most part of the core. The δ18O and δ 13C isotope record of the up-
permost part of the core indicates contrasting lake conditions, starting
with high precipitation (wet) phase and ending with a higher eva-
poration phase through the top of the core (Fig. 5).

There is a gradual increase in δ18O and δ13C values through the
onset of the Early Holocene. The higher δ13C values observed during the
early Holocene are possibly due to the high evaporation rates.
According to the δ13C values, conditions gradually shifted from oligo-
trophic to eutrophic near the start of the Holocene. This is also the case
at the depth of 720 cm, where C. torosa disappears, and at 740 cm
ostracod species where the dark coloured ostracod shells are recorded.
This shift also corresponds to higher δ18O values, suggesting higher
temperatures driving increased evaporation.

4.2.3. Valve size in C. Torosa
Sieve-pore shape and valve length in C. torosa can be used to detect

trends in paleosalinities (Frenzel and Boomer, 2005; Keatings et al.,
2007; Boomer et al., 2016; Frenzel et al., 2016). In our study, valve
length analyses of FLV (female left valves) of C. torosa shows a range of
sizes between about 940–1025 μm. A comparison of these data with the
multi-site study of Boomer et al. (2016) (see Fig. 6) suggests that they
lived in waters that were most likely of a salinity higher than about 10

PSU (Practical Salinity Units).

4.2.4. Sieve pore shape in C. Torosa
The relative abundance of different shapes of sieve-type pores in C.

torosa has been observed to be related to the salinity of the water in
which the individuals were living. Rosenfeld and Vesper (1977) de-
monstrated that at relatively low salinities these pores are relatively
round but there is a relative increase in the abundance of elongate and
subsequently irregularly shaped pores as salinity increases. Fig. 7 shows
the length/height ratio for FLV C. torosa through the core. Perfectly
circular sieve-type pores would return a value of 1, increasing elonga-
tion would reduce that value. The sieve-type pores on specimens from
the Sağlık core were observed under scanning electron microscope in
the relatively flat, mid-valve region to avoid distortion towards the
margins. All are seen to be sub-round to slightly oval type and there is
very little variation during the Late Glacial (see the examples shown in
Fig. 8).

Taken together with the evidence from the valve length, it is sug-
gested that the salinity of the waters in which these specimens lived was
probably around 10–15 PSU.

Fig. 5. δ18O and δ13C values from ostracod shells.

Fig. 6. The range of body lengths of FLV (female left valves) of C. torosa from
the Sağlık core is denoted by the shaded box, this is plotted over the modern
data sets of Van Harten (1975); Boomer et al. (2016).

Fig. 7. Length/height ratio of sieve pore types of C. torosa in the Sağlık II core.
Shaded dots indicate the mean value of 3 observations on each of 3 or 4 valves,
the error bars indicate one standard deviation for each studied sample.
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5. Discussion

5.1. Chronology

As discussed above (see Section 4.1), the Sağlık II core chronology is
constructed from 14C dates and chronological anchor points that enable
the construction of an age-depth model for the Holocene and (Late)
Glacial part of the record (see Fig. 2).

We can link our record with that of Lake Iznik, in western Anatolia
(Miebach et al., 2016) which yielded a comparable palynological
signal, as well as a series of 14C dates for the Holocene and Late Glacial
back to 28,000 BP based on a similar series of anchor points (Table 1).
We interpret the Artemisia/Chenopodiaceae phase of zone 3 in the Sa-
ğlık II record (Fig. 9) as corresponding with the YD interval*. At about
16,000 14C years, the Iznik record shows a distinct increase of Bo-
tryococcus around 1350 cm depth. This corresponds with our observa-
tion of high Botryococcus values in Sağlık II around 1150 cm depth (see
below).

Summarizing, taking into account anchor points and reservoir ef-
fects we were able to obtain a chronology for the palynological record
of the Sağlık II lake sediment (see Table 1).

* Miebach et al. assigned the YD phase in the Iznik pollen diagram
to the top of pollen zone 5. In our opinion this time must be allocated to
zone 6 of the diagram (Woldring et al., in press).

5.2. Terrestrial vegetation reconstruction: Palynology

5.2.1. Coring location, sediment and dating
In 2001, an earlier coring exercise in Sağlık Ovası (labcode Sağlık I)

reached a depth of 9.10 m and recorded the Holocene up to ca. ~ 2700
BP. Since they did not reach the natural subsoil, a second coring was
carried out at about the same location in 2003, with the aim of ob-
taining palynological data for the pre-Holocene period. This core
(Sağlık II, discussed in this manuscript) reached a depth of 1270 cm
below ground level. Again no clues were found indicating the close
presence of the natural subsoil. The sediments entirely consist of

Fig. 8. Examples of sieve type pores measured during this study (A. Oval, B & C slightly elongate oval).

Fig. 9. Sağlık II summary pollen diagram, comprising a selection of pollen types, AP/NAP ratios and main aquatic algae.
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uniform, fine greyish silts (with mollusc remains present between
depths of 1000 and 725 cm). Unfortunately, the (conventional, in BP)
14C dates are not consistent with the pollen record. For example, the
start of forest expansion in zone 4 can be dated to the beginning of the
Holocene at ca. 10,000 BP. Without correcting, interpolation of these
14C dates would date this depth to ca. 12,000 BP. Other important sites
of the Levant, like Hula and Ghab also show 14C dates which appear too
old compared with the contemporaneous pollen record. Groundwater
depleted in 14C is the main cause for reservoirs effects in the Levant. As
explained in Section 4.1 we have developed a model to quantify the
reservoir effect for Sağlık II. Accordingly, the pollen diagram (Fig. 9) is
believed to cover the period from approximately 18,000 to 6700 BP
(see Fig. 2 and Table 1).

Pollen sample treatment included heavy liquid separation with so-
dium polytungstate (e.g. Leipe et al., 2019) and subsequent chemical
treatment following Faegri and Iversen (1989).

5.2.2. Pollen zone chronology
Five pollen assemblage zones have been distinguished in the sum-

mary diagram (see also Table 2. The dating of the zones is based on
interpolation (see Table 1).

5.2.3. Interpretation
5.2.3.1. Late Glacial pollen record. Significant pollen values of
Artemisia, Atriplex-type (chenopods) and Poaceae (grasses) in
combination with low AP values (arboreal pollen) denote cold and
dry conditions all through zones 1 to 3. The further increase of Atriplex
(zone 2), Artemisia (zone 3), and decline of arboreal taxa and grasses
even indicates semi-desert conditions (e.g. Van Zeist and Bottema,
1991; Rossignol-Strick, 1995). According to the chronology, zones 2
and 3 cover the last phase of the Allerød and the YD, respectively. The
Allerød interstadial, generally considered as a relatively warm and
moist climatic phase in the Late Glacial, is not recognized as such in the
pollen record. It is possible that the zone 2 vegetation expanded as a
result of extreme aridity which was brought about by a rise in
temperature and evaporation not compensated for by an increase of
moisture. During the time of zone 3, steppe vegetation, mainly
composed of Artemisia, Atriplex and Poaceae, dominates the northern
Levant. Zone 3 represents about the last half of the YD, a phase of global
deterioriation of climate.

5.2.3.2. Early Holocene pollen record. From the start of zone 4, the
Artemisia-Atriplex steppe declines, whereas Quercus (deciduous oaks),
Pistacia (pistacio, terebinth) and Poaceae (grasses) increase
considerably. The spread of open oak-terebinth woodland and
grasslands reflects a climatic improvement including a rapid rise of
temperature and humidity. During zone 5, oak-pine woodland becomes
dominant which may indicate a gradual decrease in moisture
availability.

In palynological records a range of pollen types and fungal spores
are indicative of human impact. The Sağlık II record shows little evi-
dence of human presence, except for the occasional appearance of
spores of coprophilous fungi in the uppermost half of zone 5 (not in-
dicated in the pollen diagram). The increase of coprophilous fungi is
often coupled with domestic livestock.

5.2.3.3. Late Glacial hydrological conditions. Green algae records are
potentially useful habitat parameters of waterbodies, e.g. for water
depth and temperature, trophy level and alkalinity. The algal record
could also be relevant for comparison with the ostracod record. Unlike
the noteworthy frequencies of ostracods (Fig. 3), green algae are mostly
of little significance in the Late Glacial timespan. Of interest is the
increase of Botryococcus in the middle part of zone 1. The species
concerned is probably B. braunii, a widely distributed planktonic
freshwater alga of various eutrophic to oligotrophic habitats (ditches,
pools, ponds, lakes). B. braunii is known to tolerate seasonally cold
climates (Batten and Grenfell, 1996) and blooms are even possible in
the winter period (Labib et al., 2014). It has a wide tolerance, and there
may even be a preference for habitats rich in humus and therefore is
also found in bogs and moors (Barth, 2002).

Zone 1 shows a certain relationship in the curves of Botrycoccus and
isotope values (Fig. 5). δ13C and δ18O values indicate cooler circum-
stances during most of this interval suggesting that a shallow, produc-
tive lake favored the growth of Botryococcus.

Pediastrum boreanum is a cosmopolitan green alga and the most
frequent Pediastrum species identified in pollen analysis. In con-
sequence of its wide ecological range the indicator value of this species
is not very high (Komarek and Jankowska, 2001). As a regular com-
ponent of eutrophic water bodies, it is expected that the peaks in its
abundance point to higher nutrient levels. Large spikes (as in spectrum
40) imply strong, and probably sudden, natural or man-induced phases
of eutrophication (Woldring and Bottema, 2003). The records of Coe-
lastrum and Pediastrum simplex are discussed below.

5.2.3.4. Early Holocene hydrological conditions. Coelastrum, P. simplex
and Botryococcus are the predominating green algal taxa in this
timerange. Pediastrum simplex is considered slightly thermophilic,
living in neutral to alkaline pH water and may occur in relatively
deep water (Komarek and Jankowska, 2001). Coelastrum was identified
at genus level only, which hinders ecological interpretation of the water
biotope. Even so, we infer from the largely corresponding curves of
Coelastrum and P. simplex that both taxa occupied ecologically
comparable habitats. The general decline and disappearance of green
algae in the upper part of zone 5 is associated with decreased lake levels
resulting from a drier climate. There is ample evidence of a drier
climate during the mid-Holocene in the Near East (e.g. Roberts et al.,
2011).

5.3. Faunal reconstruction of the lake

Both increasing δ13C values of ostracod shells (Fig. 5) and increasing
green algae abundances (Fig. 10) indicate higher productivity during
the Holocene, the result of which may have been temporally anoxic
bottom water conditions, initially during the later YD, and this could
have continued through the early and mid-Holocene. Anoxic bottom
water conditions could explain the absence of C. torosa.

Abundant presence of P. zenkeri at the bottom of the core might
indicate increased freshwater input to the lake during the Older Dryas
(possibly relating to ice-melt), it is also relatively high during the YD
(Fig. 3). Between 720 and 780 cm, the juvenile/adult and valve/car-
apace ratios of ostracod assemblages suggest high energy environments
and slow sedimentation rates. High juvenile mortality in C. torosa and

Table 2
Depth and age of Pollen Assemblage Zones (PAZ) based on interpolation of 14C dates, corrected for reservoir effect.

PAZ Depth (cm) 14C age (reservoir corrected) Calibrated age (calBP) Biostratigraphical zones

PAZ 1 1270–885 14.300–11.500 17.400–13.350 Oldest Dryas/ Bølling/Allerød
PAZ 2 885–755 11.500–10.500 13.350–12.500 Allerød /Younger Dryas
PAZ 3 755–695 10.500–10.000 12.500–11.400 Younger Dryas
PAZ 4 695–590 10.000–9300 11.400–10.500 Preboreal
PAZ 5 590–250 9300–6700 10.500–7570 Boreal/Atlantic
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Candona around that time indicates unfavourable conditions. It occurs
around the higher δ18O values observed in the long core. Warmer lake
waters and/or low water levels resulting from increased evaporation
can also lead to eutrophic conditions. We do observe an inverse re-
lationship between total green algae and total ostracods through the
core (see Figs. 3 and 10). At around 740 cm green algae first become
abundant while the δ 13C values begin to increase at this time. Anoxic
bottom water conditions would also explain why we observed black
coloured ostracod shells at the 740 cm. This might be caused by a
chemical reaction with Iron, Sulphur and possibly carbonates present in
anoxic conditions. Positive δ18O values for ostracod carbonate were
observed at these depths. Probable warmer climate conditions during
the late summer and water shortages due to the higher evaporation can
also lead to eutrophic conditions in the Mediterranean lake systems.

Between 380 and 560 cm the total ostracod abundance in the se-
diment is very low, in fact almost absent. That also coincides with the
third wetter period (high precipitation) around 7500 14C years ago.
Ilyocypris sp. specimens were observed together with C. torosa during
the late glacial, and together with Candona juveniles during the mid-
Holocene, with an interruption at around 7500 14C year ago. That
might be due to the dilution of lake water during this time. Darwinula
stevensoni, Ilyocypris sp. and Candona are once more present in the up-
permost part of the core, but this time also together with
Plesiocypridopsis newtoni and Limnocythere inopinata representing shal-
lower water levels.

Lastly, we did not observe representatives of the genus

Gomphocythere in the Sağlık II core, although Boomer and Gearey
(2010) record specimens in the samples from Domuztepe, a Late Neo-
lithic wetland site located in the eastern part of the Kahramanmaraş
valley (see Fig. 1)

5.4. Regional environmental change

During the Late Glacial, until the end of YD, there was a permanent
and brackish lake in the Sağlık Basin. Near the end of the YD, high
productivity conditions prevailed leading at times to anoxic bottom
water. The lake may have been more transient or experience temporary
bottom-water anoxia conditions during the Holocene. Both pollen (the
spread of open oak-terebinth woodland and grasslands, and domination
of oak-pine woodland during zone 5 suggesting high moisture) and
green algae data (increase in total planktonic green algae suggesting
relatively deep water and likely eutrophic conditions) reveal high
moisture availability during the early Holocene, high evaporation rates
during warm/hot summer conditions in semi-arid climates may have
resulted in seasonal water shortages and/or eutrophication with anoxic
bottom water conditions, especially during the late summer. Abundant
green algae during the Holocene indicate a highly productive lake or
eutrophic conditions (Wetzel, 1983; pp. 353).

Domuztepe is one of the largest known settlements, dating to the
sixth millennium BC (Campbell et al., 1999; Carter et al. 2003;
Atakuman, 2004), characterised by a trans-regional cultural network of
people (Carter, 2010). The Halaf period (8100 to 7450 BP) is only
partly represented in the Sağlık II core, starting from about 300 cm
depth. Stable isotopes indicate wetter (high precipitation) conditions at
its start, which was followed by warm to very warm (high evaporation)
conditions (Fig. 5).

6. Conclusions

This study represents the first sequence of ostracod assemblages
from a lacustrine sediment in Turkey, that extends into the Late Glacial
(Özuluğ et al., 2018). It provides insights into past regional climate
changes in the Eastern Mediterranean during the Late Glacial and early
Holocene.

Our δ18O and δ 13C measurements on ostracod calcite shows good
agreement with other archives from the Eastern Mediterranean, re-
presenting climatic events in the Older Dryas, Allerød interstadial, YD,
and early/mid-Holocene.

The former lake demonstrates brackish and oligotrophic conditions
during the Late Glacial (except during the Allerød interstadial). It be-
comes drier and more productive (eutrophic), during the Holocene until
a third wet (high precipitation) phase in the mid-Holocene. One of the
wet (high precipitation) and oligotrophic phases in the lake’s history
occurs at around 7500 14C years ago (ca. 8300 cal BP). In the uppermost
part of the core (240 and 260 cm; Fig. 5) conditions again switched to
drier (high evaporation) and higher productivity (Fig. 5 and Fig. 3) that
corresponds with the beginning of the Halaf period, indicating that
Halaf occupation began in relatively wetter conditions, which became
progressively drier in the later centuries. Our results show that the
archaeological site at Göbeklitepe, which dates between 12,000 and
11,000 calBP (Schmidt, 2010), roughly corresponds to the time of the
YD and a period of transition from a relatively wetter to progressively
drier period (Fig. 5).
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