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A B S T R A C T

Southern Europe is hypothesized to have acted as a glacial refugium for hominin populations during the Pleis-
tocene. Of particular importance is South-East Europe, which most likely played a dual role, both as refugium
and dispersal corridor, especially during the Middle Pleistocene glaciations, when drastic climatic conditions led
to major sea level drops in the Aegean. However, little is known about the palaeoenvironmental conditions at the
time of hominin presence in this region, making these hypotheses difficult to test. Here we analyze biomarker
data and leaf wax stable isotopic compositions of the MIS 12 Lower Palaeolithic site Marathousa 1 (Megalopolis
Basin, Greece) to assess the climatic conditions accompanying the time of hominin presence in the area. Our data
indicate a major cooling affecting the north Mediterranean/Aegean domain during this time interval, with lowest
temperatures recorded between ~440–432 ka. The glacial peak is associated with changes in vegetation (i.e.,
from more forested to more open landscape), reduction of humidity and water availability (i.e., moisture
depletion, increased evaporation). Hominins are present at the Marathousa 1 location at the end of this interval
(434–432 ka), confirming that the Megalopolis Basin served as a refugium for hunter-gatherer groups during
periods of harsh climatic conditions. Additionally, the progressive cooling is associated with an important
sedimentary hiatus between ~465–440 ka reflected in all circum-Mediterranean records (both marine and
continental), indicating a regional impact of the MIS 12 glaciation over surface processes.

1. Introduction

Marine Isotope Stage 12 (MIS 12; 478–424 ka) represents one of the
strongest Quaternary/Pleistocene glaciations, characterized by a
maximum expansion of continental ice sheets in the Northern Hemi-
sphere (Lisiecki and Raymo, 2005; Koutsodendris et al., 2019). Most
available information on MIS 12 in the Mediterranean area predomi-
nantly derives from marine records (e.g., Müller et al., 1998; Martínez-
Dios et al., 2021), while its impact on the southern European terrestrial

palaeoclimate and palaeoecosystems remains poorly constrained,
limiting the knowledge of its influence on the hominins in the region.
Knowledge on the palaeoclimatic conditions of specific archaeological
sites is particularly important for archaeological research, because of the
highly fluctuating Quaternary climate. Due to the typically spatially and
temporally restricted hominin fossil occurrence, such studies need to be
embedded in longer stratigraphic and palaeoclimatic time series.

The Marathousa 1 (MAR-1) is an open section of ~6.5 m thickness,
on the margin of Megalopolis open cast mine, located in the Megalopolis
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Basin, Peloponnese, Greece (Panagopoulou et al., 2018). Its excavation
from 2013 to 2019 has yielded a rich record of human activity, including
an extensive lithic assemblage (Tourloukis et al., 2018a; Guibert-Cardin
et al., 2022) associated with both faunal and botanical remains (e.g.,
Doukas et al., 2018; Field et al., 2018; Konidaris et al., 2018, 2022;
Michailidis et al., 2018; Blackwell et al., 2018; Roditi et al., 2024),
suggesting that the region provided shelter for various biotic groups,
probably as a result of the continuous presence of fresh water sources
(Bludau et al., 2021).

Here we show that the hominin presence at the site is associated with
the end of the MIS 12 glacial maximum, providing a direct link between
climate (i.e., cold periods) and the presence of human populations in the
basin. We have reconstructed mean annual air temperature (MAAT) and
mean annual temperature above freezing (MAF) based on branched
glycerol dialkyl glycerol tetraethers (brGDGTs), biomarkers produced
by soil, lacustrine and riverine bacteria. Additionally, we provide
compound-specific hydrogen (δ2H) and carbon (δ13C) isotope data from
mid and long chain n-alkanes (produced by aquatic and higher terres-
trial plants, respectively) to monitor changes in moisture and vegetation
response in the catchment of the Marathousa 1 site. Furthermore, the n-
alkane-based ratios (such as carbon preference index (CPI), average
chain length (ACL), aquatic plant index (Paq) and grass/tree ratio (C31/
C27) are used to complete a comprehensive understanding of changes
recorded in both terrestrial and aquatic domains in Marathousa 1
starting with the end of MIS 13, during the preserved MIS 12 glacial
stage, and the onset of MIS 11. We substantiate these data by earlier
acquired microfauna and inorganic geochemistry records from Mar-
athousa 1 (Bludau et al., 2021) and further compare our results with the
existing time equivalent records from the Balkans (Koutsodendris et al.,
2019) and Mediterranean regions (Ardenghi et al., 2019; Martínez-Dios
et al., 2021; Regattieri et al., 2016).

The brGDGTs, plant waxes and their δ2H and δ13C data produced in
this contribution provide a first quantification of the changes in the
environmental conditions, as well as vegetation response to hydrology
and temperature fluctuations, providing the base for evaluating the
potential impact of climatic and environmental changes on human
populations as recorded in the Lower Palaeolithic site Marathousa 1.

2. Geological and archaeological setting

Marathousa 1 is located in the Megalopolis Basin (Greece; Fig. 1),
inside the open-cast lignite mine of Megalopolis, where mining activities
over the past several decades have exposed thick sequences of fossilif-
erous deposits (e.g., Panagopoulou et al., 2018; Harvati et al., 2018 and
references therein). The basin is an extensional structure with NNE −

SSW direction during the Pliocene (Vinken, 1965) and NE − SW during
Pleistocene (Karkanas et al., 2018), with the sedimentary filling
accommodated by the fault system activity.

Marathousa 1 comprises two areas of investigation, Area A and Area
B, located within 60m of one another. Area B, the focus of this study, has
a longer stratigraphical record, with ten defined sedimentary units (UB1
− UB10). The entire sequence is part of the Middle Pleistocene fluvio-
lacustrine deposits of the Marathousa member (Tourloukis et al.,
2018b), with silts and sands as dominant lithology (Karkanas et al.,
2018).

The archaeological horizon occurs in the middle part of a clastic
sequence that is sandwiched between the base of lignite seam IIIa (UB1,
top profile) and lignite seam IIb (UB10, base profile; Karkanas et al.,
2018). Based on the palaeontological findings, Marathousa 1 is consid-
ered a butchering site, representing the only Lower Palaeolithic locality
with exploitation of proboscideans reported in Southeastern Europe. It
also preserves ungulates, small mammals, birds and reptiles (Konidaris
et al., 2018, 2022; Doukas et al., 2018; Michailidis et al., 2018; Field
et al., 2018). In Area B, the main artifact-bearing interval is found at a
local erosional contact between units UB4c and UB5a, but artifacts occur
inside the two units as well (in unit UB5a - directly underlying the
contact, while in UB4b - directly above the contact). For a detailed
discussion of the exposed palaeosurface represented by the UB5a-UB4c
contact and the related site formation processes see Karkanas et al.
(2018) and Giusti et al. (2018). We consider Area B more suitable for
palaeoenvironmental analyses due to its more complete stratigraphic
coverage than area A.
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Fig. 1. Map showing the location of Marathousa 1 site and existing continental sites with MIS 12 sedimentary records. The colour scale on the left side shows the
elevation. Map modified after Bludau et al. (2021).
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3. Present-day climate parameters

Current climate in Greece is predominantly Mediterranean, with hot
and dry summers, mild winters (Kutzbach et al., 2014) and strongly
seasonal precipitations distribution (~750–1000 mm/year; Okuda
et al., 2002). Most precipitations occur during winter (December–Jan-
uary) due to storm tracks generated by the convergence of the warm
Mediterranean air masses with North Atlantic and Eurasian cold air
influxes (Kutzbach et al., 2014).

The Peloponnese peninsula is characterized by a true Mediterranean
climate (Köppen, 1918) due to its geographical position and is slightly
warmer and dryer than the rest of continental Greece. According to the
Hellenic National Meteorological Service (HNMS), the Megalopolis
basin receives ~815 mm/year precipitations and benefits from long sun

exposure (~ 2670 h/year). The measured mean air annual temperature
between 1971 and 2000 was 15.8 ◦C, with a mean low of 9.4 ◦C and a
mean high of 20.6 ◦C. The lowest registered temperature was ~3 ◦C in
January–February, while the maximum of ~31 ◦C in July–August
(HNMS Climatic Atlas 1971–2000; http://climatlas.hnms.gr/sdi/).

The main drivers for the short and mid-term precipitation and tem-
perature variabilities in the Mediterranean area are large-scale circula-
tion patterns such as the North Atlantic Oscillation (NAO) and the
Atlantic Multidecadal Oscillation (AMO), controlling the intensity and
extension of storm tracks (Mann et al., 2009; Kutzbach et al., 2014;
Lüning et al., 2019). Strong storm tracks are associated with negative
phases of NAO and AMO, while droughts are associated with positive
phases (Kutzbach et al., 2014; Lüning et al., 2019). The long-term
climate though is influenced by orbital parameters (Laskar et al.,
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Fig. 2. Revised Marathousa 1 age model. A panel (upper left): Resulting gamma distribution curves of the different sediment units based on input sediment pa-
rameters (shape and scale factor). Green: UB8 – UB10 (shape 2, scale 7.5). Orange: UB7 (2, 7). Yellow: UB6 (2, 6.5). Violet: UB2 – UB5 (2, 6). Green: UB1 (2, 5.5). U:
Distribution of the sediment units (black) and median accumulated time per sediment slice (blue and dotted red lines). B: Mode of final merged age model with hiatus
(blue), error margins (dotted red), datings and their error bars (black). C: Preliminary age model (blue) without hiatus, error margins (dotted red), datings and their
error bars (black). Percentage of overlap of the two initial preliminary models (green). Below are represented the sedimentary units. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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2004), especially obliquity and precession (Kroon et al., 1998; Lourens,
2004), which are controlling the glacial-interglacial phases, as well as
major changes in vegetation (Joannin et al., 2011) and precipitation
patterns.

4. Materials and methods

4.1. Revised site chronology

Bludau et al. (2021) created a Bayesian age model for the MAR-1
sequence based on its chronostratigraphic attribution to MIS 12
(Tourloukis et al., 2018b), as well as on optically stimulated lumines-
cence (OSL) dates produced by the pMET-pIRIR dating method (Jacobs
et al., 2018). The initial age model of Bludau et al. (2021) did not ac-
count for a major hiatus present in the middle part of the MAR-1
sequence, (UB6; Karkanas et al., 2018). Considering subsequent obser-
vations hinting at a hiatus between UB7 and UB6, a new age model is
developed here (Fig. 2; Supplementary table 1) using a modified age
modelling approach originally presented by Trauth (2014). Importantly,
no significant hiatus was detected at the archaeological site, between
UB5 and UB4 (Karkanas et al., 2018; Giusti et al., 2018). The model
utilizes the MATLAB software, which takes hiatuses into account. The
temporal tie points of the sequence are 480 and 420 ka (±10 ka error)
respectively, like those used by Bludau et al. (2021). Also, similar input
parameters were applied, reflecting the depositional properties of the
sedimentary units (Supplementary table 2). The code computes two
different preliminary models. The first is based on the input sediment
parameters and the second, statistically independent, is based on the
input ages. Both models are considered equally valid. In the final model
the preliminary ones aremerged. This newly computed agemodel places
the MAR-1 sequence between 485 and 412 ka and hence incorporating
the preserved sedimentary record of the glacial stage of MIS 12.

4.2. Organic geochemistry

4.2.1. Lipid extraction and analysis
Thirty-six sedimentary samples collected from the Marathousa 1

Area B profile (units UB10-UB1) underwent the typical procedure used
for extraction of the total organic lipids (TLEs) and subsequent purifi-
cation steps (e.g., Butiseacă et al., 2021) at the Senckenberg Biodiversity
and Climate Research Centre (SBiK-F) in Frankfurt am Main, Germany.
In short, the samples were dried, weighed, and homogenized manually
using an organic solvent pre-cleaned agate mortar and pestle. Lipids
were extracted using a Soxhlet apparatus with a mixture of dichloro-
methane and methanol (7.5:1; v:v) and pre-extracted cellulose thimbles.
Extracts were evaporated to near dryness under continuous N2 flow
using a TurboVap LV. Subsequently elemental Sulphur was removed
from the TLEs using Cu shreds activated with 10 % HCl. The vials con-
taining TLE, activated Cu and magnetic rods were placed on a stirring
table for ~20 h. Afterwards, the TLEs were filtered over a Na2SO4 col-
umn to remove particles, including Cu and Cu sulfides and any residual
water. The solvents were evaporated using gentle N2 flow. The desul-
phurization step was repeated until no reaction with the Cu was
observed. Up to 50 % of the TLE was archived while the rest was further
separated into fractions containing lipids of different polarity using
Al2O3 column chromatography following the protocol detailed in
Butiseacă et al. (2021).

The polar fraction containing glycerol dialkyl glycerol tetraether
lipids (GDGTs) was dissolved in a 1 ml mixture of n-hexane (n-hex)/
isopropanol (IPA)-(99:1; v:v) and dispersed using an ultrasonic bath (~
30s/sample), then filtered over a 0.45 mm PTFE filter using a 1 ml sy-
ringe. The filtered polar fraction was measured using a Shimadzu HPLC,
using two UHPLC silica columns (2.1 × 150 mm, 1.7 μm) in series,
connected to a 2.1 × 5 mm pre-column coupled to an ABSciex 3200
QTrap chemical ionization mass spectrometer (HPLC/APCIeMS) at
SBiK-F in Frankfurt am Main, Germany. The column temperature was

30 ◦C and flow rate was 0.2 ml/min. GDGTs were eluted isocratically
using 18 % B for 25 min, then a linear gradient to 35 % B in 35 min,
followed by a ramp to 100% B in 30min, where B is hexane/isopropanol
(9:1; v:v) and A is hexane. For each sample a 5 μl injection volume was
used and GDGT detection was achieved through single ion monitoring.
Isoprenoid and branched GDGTs quantification was performed using the
Sciex Analyst software and the peaks were integrated manually for each
sample multiple times. An average value was calculated for the samples
with multiple integrations.

The apolar fraction containing n-alkanes was purified using AgNO3
impregnated silica column and the n-alkanes were later identified using
the Gas Chromatography-Mass Spectrometry (GC–MS) at SBiK-F using a
Thermo Scientific Trace GC Ultra - DSQII equipped with a HP-5MS
column (L 30 m × D 0.25 mm × F 0.25 μm). The GC oven was held at
70 ◦C for 1 min, ramped at 10 ◦C × min− 1 to 180 ◦C (5 min hold),
ramped at 3 ◦C × min− 1 to 320 ◦C (15 min hold). n-Alkanes were
identified by comparing their retention time and mass spectrum to an
external standard (Alk n-C7 to n-C40; Supelco 49,452-U, 1000 ng/μl) and
quantified using peak areas calibrated against the corresponding stan-
dard n-alkane peak. Peak assessment and quantification were performed
using the Thermo Xcalibur 2.2 SP1.48 software.

4.2.2. GDGT-based calibrations and temperatures calculation
The application of continental temperature branched (br)GDGT-

based reconstruction has undergone multiple modifications since its
initial use byWeijers et al. (2007) brGDGTmembrane lipids were at first
isolated from peat accumulations (Sinninghe Damsté et al., 2000). They
have since been identified in diverse settings, including marine
(Hopmans et al., 2004), soils (Weijers et al., 2007), lacustrine (Pearson
et al., 2011), and riverine (De Jonge et al., 2014) locations.

The microbial producers of brGDGTs remain elusive (Sinninghe
Damsté et al., 2018), therefore palaeoclimate reconstructions currently
rely on empirical calibrations at both the regional and global levels as
reported by Raberg et al. (2021). Given the highly changing palae-
oenvironment reconstructed for Marathousa 1 (varying from lake, to
delta, to flood plain, ponds and back to lake) and the impossibility to
identify the exact producers in these more than 400 kyr old sediments,
we used two calibrations to identify if the relative changes in the tem-
perature record are coeval. The matter of exact palaeotemperature es-
timates is not fully resolved, being dependent on identifying the exact
producers, unachievable for the time being in the absence of preserved
palaeogenetic evidence (i.e., DNA or other distinguishing features). We
will therefore focus our interpretation on the relative temperature
changes and monitor their co-occurrence with other palaeoclimate
proxies discussed in this contribution. Under the assumption that most
of the brGDGTs from the Megalopolis Basin originated from the catch-
ment soils, with the provision that some could have been produced
within the (lake) water column, we first used the calibration of De Jonge
et al. (2014). This calibration is based on a globally distributed (222)
soils with the mean annual air temperature (MAAT) estimated as:

MAAT’ (
◦C)=7.17+17.8×[Ia]+(25.9×[Ib])+(34.4×[Ic] )–(28.6×[IIa]).

The residual mean square error (RMSE) of this method is ±4.6 ◦C,
where [Ia], [Ib], [Ic] and [IIa] are the fractional abundances as detailed
by De Jonge et al. (2014).

Following the recent reports of lake-produced brGDGTs (e.g., Mar-
tínez-Sosa et al., 2021), we also used the calibration of Raberg et al.
(2021) which is based on a revised fractional abundance related to the
warm-season temperature calibration, recommended to be used in lake
sediments globally, including at high latitudes (i.e., colder). The calcu-
lation of the mean annual temperature above freezing (MAF) is based on
the MBT’5ME index (De Jonge et al., 2014), calibrated against temper-
ature in 182 global lake systems (Raberg et al., 2021) as:

MAF (◦C) = − 0.5+30.4* MBT’
5ME (RMSE of 2.32

◦C) where.
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MBT’
5ME = ([Ia] + [Ib] + [Ic] )/([Ia] + [Ib] + [Ic] + [IIa] + [IIb] + [IIc] + [IIIa] ).

The decision of using the MAF calibration based of the lake-produced
brGDGT (Raberg et al., 2021) was supported by the observation that the
distribution of each brGDGT in Marathousa 1 was consistent with a lake
origin where IIa, IIb, IIc, IIIa and IIIb are more abundant than the IIa’,
IIb’, IIc’, IIIa’ and IIIb’, as reported by Martínez-Sosa et al. (2021) and
shown in Supplementary fig. 1, Supplementary table 3.

4.2.3. Compound specific stable isotopes

4.2.3.1. Compound specific hydrogen isotope ratios (δ2H). The δ2H values
of n-alkanes were determined by GC/Thermal Conversion (TC)/ isotope
ratio mass spectrometry (irMS) using a Thermo Scientific Trace 1310 GC
coupled to a Thermo Scientific Delta V irMS, via an Isolink II and Conflo
IVat the NIOZ Royal Netherlands Institute for Sea Research (similarly to
Weiss et al., 2022). Alkane fractions were injected on a PTV injector with
on-column liner – on a CP sil 5 column of 30m length, 0.32mmdiameter
and 0.4 μm film thickness using manual injection. The injection volume
was approximately 1 μl, with the TC reactor set to a temperature of
1420 ◦C. The daily determined H3+ − factor was 6.1 ± 0.1 ppm mV− 1.
Depending on the available material and reproducibility, samples were
replicated up to three times, aiming for peaks of approximately 1500 to
2000 mV for compounds of interest. Hydrogen gas with a predetermined
isotopic composition was used as monitoring gas and samples were only
analyzed when the average difference in isotope values for n-alkanes
from mixture B5 (Schimmelmann type A, specific for n-alkanes; pro-
duced by Indiana University) was less than 5‰ from the certified value,
with a standard deviation less than 5‰. The δ2H values are expressed in
‰ relative to VSMOW (Vienna Standard Mean Ocean Water) reference.

4.2.3.2. Compound specific carbon isotope ratios (δ13C). The carbon
isotope ratios (δ13C) of individual n-alkanes were measured at NIOZ on a
GC-combustion [C]-irMS using the same CP Sil 5 GC column, but with
0.12 μm film thickness and similar GC-irMS system as for 2H analyses,
now equipped with a combustion reactor. The δ13C values are expressed
in ‰ relative to VPDB (Vienna Peedee Belemnite) and were calculated
by comparison to a CO2 monitoring gas with a predetermined carbon
isotopic composition. Every day the machine performance was checked
using an in-house GC standard for chromatographic quality with 2 co-
injected perdeuterated n-alkanes with a certified isotope composition
(IAEA). Samples were analyzed at least twice (deviations ±0.3 ‰) and
the same two perdeuterated n-alkanes were co-injected with all samples
to check the machine performance.

4.2.4. Leaf waxes indices
To identify first order changes in n-alkanes sources and to monitor

the preservation of the organic matter (targeting for a minimal alter-
ation of the initially produced biomarkers), a number of indices were
calculated as reported below.

The carbon preference index (CPI; Marzi et al., 1993) and the
average chain length (ACL; Gagosian and Peltzer, 1986) were used as a
primary check. To avoid an overestimation of the odd‑carbon predom-
inance and a possible asymptotic increase of one of the terms of the
equation proposed by Bray and Evans (1961) if its denominator ap-
proaches zero (Herrera-Herrera et al., 2020) the relation was calculated
as:

CPI = ((C23+C25+C27+C29+C31)+ (C25+C27+C29+C31+C33) )
/(2×(C24+C26+C28+C30+C32) ) where Cn is the n
− alkane with n carbon numbers.

ACL=((C21×21)+(C23×23)+(C25×25)+(C27×27)+(C29×29)
+(C31×31)+(C33×33))/(C21+C23+C25+C27+C29+C31+C33).

The aquatic plant index (Paq) quantifying the different plant types (e.
g., submerged vs. emerged) was calculated according to Ficken et al.
(2000):

Paq = (C23+C25)
/
(C23+C25+C29+C31).

The grass-tree proxy was calculated using Schwark et al. (2002) as
the C31/C27 n-alkane ratio.

5. Results

5.1. Revised chronology

The age model of Bludau et al. (2021) placed the MAR-1 sequence
between 463 ka and 427 ka. The new computed age model places the
MAR-1 sequence between 485 ka and 412 ka extending the overall
sequence age (Supplementary table 1), now covering not only the glacial
stage of MIS 12 but the end of MIS 13 and beginning of MIS 11 in-
terglacials as well, largely corresponding to lignite deposits, generally
considered as representing warm periods (e.g., Okuda et al., 2002). The
previous model by Bludau et al. (2021) did not take into account the
major erosional hiatus in the middle of the sequence and instead set the
starting point of the sequence much later, inside MIS12. The new model
fits better with the sampled sequence that included parts of the overlying
and underlying lignites. This new age model, accounting for the hiatus
correction, indicates that the MIS 12b substage is missing from MAR-1
sedimentary record. The approximated ages for the respective units
are shown in Fig. 2, while the input parameters in Supplementary table
2.

5.2. Temperature estimates

Regardless of the used calibration, for soils (De Jonge et al., 2014) or
for lakes (Raberg et al., 2021), the reconstructed temperature varies
over the studied time interval by ~5.5 ◦C (Fig. 3), but the important
changes co-vary (i.e, the pronounced cooling and warming episodes)
across calibrations. The low temperature interval overlapping with UB6
and UB5 independently confirms the sustained cold episode assigned to
MIS 12. Equally, the higher temperatures associated to UB2 and UB1,
support the interpretation that the lignite seam was deposited during a
warm stage, in this case MIS 11.

5.2.1. Mean annual air temperature based on soil calibration
MAAT values from Marathousa 1 Area B site range between 4.5 and

10 ◦C (± 4.6 ◦C) (Fig. 3; Supplementary table 4), with an average value
of 6.8 ◦C. The temperature decreases gradually from the base of the
section (UB10, ~7.5 ◦C) until the middle (UB6) when it attains the
minimum registered (4.5 ◦C), then increases again towards the top, with
the maximum at sample Top125 (10 ◦C at ~419 ka; UB2). The cooling
interval is punctuated by two small warmings, one in UB8 (BC_145
sample, ~471 ka; 8.4 ◦C) and another one peaking at the UB7 – UB6
transition (BC_0 sample, ~436.8 ka; 8.0 ◦C). The interval between UB6
and the base of UB4 is marked by a sustained cooling episode with an
average MAAT value of 5.2 ◦C, corresponding to the glacial maximum
(at ~436–432 ka). After this interval, MAAT follows an overall warming
trend towards the top, to reach the overall maximum in the section (in
the top of UB2). Temperatures remain high (with an average value of
9.1 ◦C) over the entire UB1 unit, when another cooling period seems to
start at the very top of the section (Top25 sample, ~413 ka; 6.7 ◦C). The
archaeological horizon is characterized byMAATs between 5 and 6.8 ◦C,
with an average value of 5.7 ◦C.

5.2.2. Mean annual temperature above freezing based on lake calibration
MAF values vary between 9.4 ◦C and 15 ◦C, with an average of

11.7 ◦C (Fig. 3; Supplementary table 4). Overall, MAF follows a similar
trend as MAAT through the section, except for samples 351_30 −
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Top170 (424–422 ka), when MAAT values increase slightly earlier. MAF
values are ~5 ◦C higher than MAAT values, with the lowest tempera-
tures registered in the interval between ~436–432 ka. The archaeo-
logical horizon is characterized by MAFs between 9.4 and 12.1 ◦C, with
an average value of 10.4 ◦C. The minimum value in the section corre-
sponds to sample 350_25, at ~432.8 ka, towards the end of the glacial
maximum.

5.3. Isotope measurements

5.3.1. Leaf wax hydrogen isotopic compositions (δ2Hn-alkanes)
n-Alkanes ranging from n-C17 to n-C35 with a strong odd-over-even

predominance were identified throughout the sample set, and stable
hydrogen isotope values (δ2H) are reported only for the higher ampli-
tude C23 to C31 peaks. δ2H values of C23 n-alkanes (δ2HC23n-alkanes) range
from − 165.5 ‰ to − 194 ‰ (Fig. 3; Supplementary table 5) with an
average value of − 181.8 ‰. δ2HC23n-alkanes values show two strong
positive shifts, one of ~20‰ at 436.8 ka (from − 185‰ –165.5‰; the
highest in the section; sample BC 0; UB6) and a second one of at 433.2 ka
11‰ (from − 181‰ to − 170‰; sample 350_20; UB5), at the beginning
of the archaeological horizon. A negative shift of ~8‰ is also registered
at 422.3 ka (from − 186 ‰ to − 194 ‰; the minimum registered in the
area; sample Top170; UB3), followed by an increase in values close to
the average. δ2HC25n-alkanes values vary between − 167‰ and − 195‰
(Fig. 3; Supplementary table 5) with an average value of − 184 ‰.
δ2HC25n-alkanes values co-vary with their δ2H C23n-alkanes homologues until
~422 ka (UB3), when they start to show opposing trends.

δ2HC29n-alkanes values fall between − 197.7 ‰ to − 163.4 ‰, with a
mean value of − 183.3‰. Isotopic values are decreasing from − 181‰ at
~473 ka (UB9) to − 197.7‰ at ~465 ka (UB7, sample BC_60; the lowest
value measured; Supplementary table 5), followed by two positive shifts
at 436.8 ka to − 163.4 ‰ (BC_0 sample; UB6) and at ~433.2 ka to
− 172.9 ‰ (sample 350_20; UB5). δ2HC29n-alkanes values decrease again

until 429.7 ka (− 190.8‰), then slightly increase towards the end of the
section. δ2HC31n-alkanes co-vary with δ2HC29n-alkanes, but with values
consistently slightly less negative (Fig. 3; Supplementary table 5).

5.3.2. Leaf wax carbon isotopic compositions (δ13Cn-alkanes)
The δ13C values of C23 n-alkanes (δ13CC23n-alkanes) vary between

− 30.2 ‰ and − 29.3 ‰ (Fig. 3; Supplementary table 6), with a mean
value of − 29.7‰. δ13CC23n-alkanes values are constant from the bottom of
the section until 436.8 ka when a small negative excursion of 0.3 ‰
occurs (sample BC_0; UB6), followed by an immediate increase of 0.3‰
before the archaeological horizon (sample 349_70, same unit; 436.5 ka).
From the archaeological horizon until the top of the section δ13CC23n-
alkanes values are decreasing gradually, from − 29.3 ‰ (sample 350_20,
433.2 ka; UB5) to − 30.2‰ (the lowest registered value; sample Top125,
419 ka; UB2). The δ13CC25n-alkanes vary between − 31.8‰ and − 29.8‰
(Fig. 3; Supplementary table 6), with an average of − 30.6‰. δ13CC25n-
alkanes values co-vary in general with δ13CC23n-alkanes, but with a more
pronounced negative trend. Within the archaeological horizon there is a
positive shift of 1.1 ‰ in the δ13CC25n-alkanes values, from − 31.1 ‰ to
− 30.0 ‰ (between 436.5 and 433.2 ka).

For δ13CC29n-alkanes the values vary from − 34.7‰ to − 31.7‰ (Fig. 3;
Supplementary table 6), with a mean value of − 33.2‰. A major shift of
− 2.5 ‰ is recorded at ~436 ka (between BC_0 and 349_70 samples;
UB6), followed by a short positive excursion of 0.2 ‰ at 433.2 ka
(sample 350_20; UB5). At the level of the archaeological horizon
(sample 350_25, 432.8 ka; UB5), the δ13CC29n-alkanes attains the mini-
mum value in the section, after which a progressive increase of 2.3 ‰
characterizes the top-half of the section. δ13CC31n-alkanes are decoupled
from the δ13CC29n-alkanes values, except for the base and the top of the
section, where they co-vary. δ13CC31n-alkanes values are less variable and
remain around an average value of − 33.9 ‰.

Fig. 3. Biomarker and stable isotope results from Marathousa 1 site. From left to right: Area B Lake evolution and sedimentological units (Bludau et al., 2021); MAF
= mean temperature above freezing; MAAT = annual air temperature; δ2HC29-C31 = hydrogen isotopic composition of C29 and C31 n-alkanes; δ13CC29-C31 = carbon
isotopic composition of C29 and C31 n-alkanes; Grass/Trees ratio (C31/C27); CPI = Carbon Preference Index; ACL = Average Chain Length of n-alkanes; Paq = Aquatic
Plants Index; δ2HC23-C25 = hydrogen isotopic composition of C23 and C25 n-alkanes; δ13CC23-C25 = carbon isotopic composition of C23 and C25 n-alkanes. On the right
side of the figure are marked the MIS divisions and subdivisions (Lisiecki and Raymo, 2005). Pale blue and orange horizontal panels represent periods of warming
and cooling. With red rectangle and associated symbols is marked the archaeological interval. Additionally, on the top of the figure are represented with colored bars
the sedimentological markers (grey) and terrestrial (orange) and aquatic signals (blue bar). The black star represents the area A correspondent of the archaeological
level with isotope measurements on P. antiquus tooth (Roditi et al., 2024). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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5.4. n-Alkane indices

The CPI values range between 2.4 and 18.6, with an average value of
6.5 (Fig. 3, Supplementary table 4). A high variability interval is docu-
mented between ~466 and 432 ka. The minimum attained value occurs
in UB6 at ~435 ka (samples 349_70 – 349_75), while the highest value is
registered at the middle of UB6 at 436.8 ka (sample BC 0). For the
archaeological horizon values range between 5.68 and 6.63, with an
average value of 6.10.

ACL index shows values between ~24.9 and 28.4, with a mean value
of 26.9 (Fig. 3, Supplementary table 4). The general trend indicates a
slight increase from the base of the section towards the top, except for
the interval between ~464 and 432 ka (UB7 – UB5). This interval is
characterized by large amplitude values just as the CPI, with short pe-
riods of indicative increased aquatic components (values of ~25). ACL
values within the archaeological horizon vary between ~25.7 and 26.7.

Paq ranges between 0.19 and 0.81, with an average value of 0.52
(Fig. 3, Supplementary table 4). Values show an overall decreasing trend
from the base of the section until ~465 ka (samples BC_55, BC_60). In
the interval between 465 and 436 ka Paq values register a high vari-
ability, including the minimum and maximum attained in the section.
Above this level, it follows an overall decreasing trend towards the top of
the section. Between ~436–433 calculated Paq values are the highest in
the section. Within the archaeological interval values vary between 0.53
and 0.73, with an average value of 0.62.

The grass vs. tree ratio (C31/C27) varies between 0.8 and 5.8, with a
mean value of 1.68. In the interval between ~440–432 ka (units UB6 –
UB5) there is an increase in values that corresponds to the glacial
maximum and the archaeological horizon. The highest value is regis-
tered in BC_0 sample, at 436.8 ka.

6. Discussion

MIS 12 represents one of the most severe Quaternary ‘long glacial’
periods (Lisiecki and Raymo, 2005), with large active ice caps and
mountain glaciers, including in the mountains of Greece and Pelo-
ponnese(Hughes et al., 2006; Leontaritis et al., 2020). Such prolonged
cold climatic conditions must have impacted biota in general, as well as
hominin survival in the area.

6.1. Temperature variation

Marathousa 1 Area B continental temperatures estimates follow an
overall decreasing trend from the base of the section until ~432 ka
(Fig. 3). A sustained cold period is observed in the section between
~436–432 ka, identified as the glacial maximum or the peak of the
MIS12 glacial period. Early humans are present at the MAR-1 location in
a window of ~3 kyr, at the end of the glacial maximum (~434–432 ka;
UB5 – UB4 contact), suggesting the potential shelter role of Megalopolis
Basin during the harsh conditions associated with the glacial peak.

An important part of the section was deposited during glacial con-
ditions, with brGDGT production (i.e., MAAT calculation) being influ-
enced by the changing conditions, with soils forming at a lower rate
during the times of prolonged low temperatures. However, most of the
existing continental palaeotemperature records until recently (Martínez-
Sosa et al., 2021; Raberg et al., 2021) used MAAT estimates based on the
calibrations developed by De Jonge et al. (2014). Since the increased
recognition that lake produced brGDGTs are frequently contributors to
the entire GDGT pool and the known effect of freezing season altering
the produced temperature estimates (Martínez-Sosa et al., 2021; Raberg
et al., 2021; Ramos-Román et al., 2022), the brGDGT based MAF was
further used in this study. The calculated continental temperatures
follow the same trend, but MAF values are overall 5 ◦C higher than
MAAT. The largest difference between the two calibrations is at ~422 ka
(+7 ◦C instead of the regular +5 ◦C) at the MIS12 – MIS11 transition),
appearing at a regime change, from the cold glacial to the warmer

interglacial. In this specific case, we suspect that the production and
preservation of the brGDGTs do not linearly respond to the changes in
continental temperature but are influenced by locally changing envi-
ronmental conditions.

6.2. Vegetation response to water availability and temperature changes

Plant waxes (among them n-alkanes) are found in the cuticles of
vascular plants (Eglinton and Hamilton, 1967), their main role being the
prevention and regulation of water loss. For terrestrial plants, the
enrichment in deuterium (2H) occurs from direct transpiration at the leaf
level, evaporation of soil water (Flanagan et al., 1991), or intake from
precipitation or atmospheric vapor (Sachse et al., 2012). In the case of
aquatic plants, the source of δ2H is the water in the aquatic environment
they live in. The discrimination against 2H during photosynthesis is
greater in C3 plants than in C4 plants (e.g., Eglinton and Eglinton, 2008;
Feakins and Sessions, 2010). In arid environments (both hot or cold) the
δ2H changes towards more 2H enrichments as a function of evaporation.
Due to their capacity of retaining the water signal, as well as their wide
distribution and general good preservation in sedimentological records,
leaf waxes are important tools for palaeoclimate and palaeohydrology
reconstructions (Liu et al., 2006; Sachse et al., 2012; Gaviria-Lugo et al.,
2023). Higher δ2Hn-alkanes values correspond to low water intake/
increased evaporation, while lower δ2Hn-alkanes to higher water intake/
increased precipitation, respectively.

Marathousa 1 δ2HC29-C31n-alkanes data indicate two drier episodes, the
first one associated with a short-term warming peak at ~436.8 ka (BC_0
sample; UB6) with δ2HC29n-alkanes values of − 163‰ and δ2HC31n-alkanes of
− 170 ‰, while the second one, at ~433.2 ka (sample 350_20; UB5),
attains δ2HC29 n-alkanes values of − 172.8‰ and δ2HC31n-alkanes of − 170.6
‰ (Figs. 3, 4). This second important dry peak is associated with the end
of the MIS 12 glacial maximum, and it corresponds to the lower part of
the archaeological horizon (UB5a; Fig. 3). The high values can be linked
to increased evaporation or/and low precipitation values, pointing to a
moisture deficiency affecting the basin catchment during those partic-
ular timespans. For the same intervals, similar values are registered by
δ2HC23-25n-alkanes (n-alkanes specific to water-loving plants, i.e., reeds,
mosses, submerged and floating plants; δ2HC23n-alkanes of − 170 ‰;
δ2HC25n-alkanes of − 167.3 ‰), indicating that aquatic plants growing in
and around the lake were using water with increased δ2H, linked to
prevailing evaporation, or meltwater inputs from higher elevations (as
suggested by Bludau et al., 2021). Paq shows an overall decreasing trend
until ~436 ka, indicative of a more negative water balance. Between
~436–432 ka (UB6 – UB5; Fig. 3), the proxy values are increasing
considerably, suggesting an increase in moisture and/or water avail-
ability at the section location. The Mg/Ti ratio also drops during the
glacial, indicating a reduction in alkalinity corroborated with an in-
crease in erosion (i.e., increase in Rb/Sr ratio; Bludau et al., 2021).

The increasing values of δ13CC31n-alkanes (C31 more abundant in
grasses) to the detriment of δ13CC29n-alkanes (C29 more abundant in trees)
from~465 to 436 ka points towards an increase in C4 plant contribution
indicating an opening of the landscape, with elevated presence of grassy
elements (Fig. 3; Supplementary table 6). The grass/tree ratio values
(Fig. 3; Supplementary table 4) show that C4 vegetation contribution
remains important in Megalopolis until the archaeological level (~432
ka; Fig. 3). δ13Cenamel values of the Palaeoloxodon antiquus in area A
(Roditi et al., 2024) also show that the animal fed on a mesic/open
woodland vegetation. Based on the sedimentological and micro-
palaeontological records, Bludau et al. (2021) suggest a transition from
an open lake environment to a proximal deltaic system and then to a
flood plain. An open flat landscape would have provided easy access to
available resources for the hominin population(s) in the area, as well as
for the rest of the animals.

For the remainder of the section, the trend in isotopic values is
similar, except for the δ2HC23n-alkanes, which values behave completely
opposite to the rest of the proxies after ~422.3 ka (after UB3 − UB2
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contact; Fig. 3) indicating changing conditions possibly associated to the
transition into the (wetter) MIS 11 interglacial (at ~424 ka) and to the
presence of seasonally isolated ponds as reconstructed by Bludau et al.
(2021). Most probably, the section was located in one of these ponds/
small lakes between ~425–418 ka. C23 is dominant in moss and reeds,
prevailing in Sphagnum moss, which prefers colder and humid condi-
tions. Major changes in δ2HC23n-alkanes points to major changes in water
availability.

Micropalaeontological data suggest a generally shallow environment
at the MAR-1 location, with a low abundance of microfauna (Bludau
et al., 2021). However, the number of sponge (the most abundant micro
taxa) spicules increases in the upper part of the section, probably as a
response to increasing temperatures (as confirmed by the reconstructed
MAATs and MAFs) and nutrients. Ostracods are also more abundant in
the upper part, but only between ~432–425 ka. Temperatures calcu-
lated based on ostracods range between 10.5 ◦C and 18 ◦C (Bludau et al.,
2021), close to the calculated 9.4 to 15 ◦C MAF values. All sponges and
ostracods species described in MAR-1 are freshwater taxa, characteristic
to lakes and riverine systems (Bludau et al., 2021).

6.3. n-Alkanes sources and distribution

The Marathousa 1 samples contain n-alkanes with chain lengths
between C16–C35, with a predominance of C21–C33 (Supplementary fig.
2), with n-alkanes shorter than C15 or longer C36–C40 below the detec-
tion limit. n-Alkane homologues with chain lengths shorter than n-C21
are produced principally by aquatic elements such as algae and sub-
merged plants. Higher homologues (e.g., n-C21 and n-C23) are prefer-
entially produced by macrophytes, reeds and mosses, while above n-C27
predominantly by herbaceous plants and trees (Ficken et al., 2000). The
most abundant n-alkanes (i.e., C21–C33) indicate that main sources of n-
alkanes in the record were terrestrial and semi-aquatic plants, and
subsequently submerged plants and algae (Supplementary fig. 2).

n-Alkanes are highly abundant and well-preserved throughout the
record, except for a few samples (BC 60; BC 55 BC 15; BC 0; 349_95 and
350_25), correlated with the glacial maximum (~465–432 ka; top UB7 –
UB5), with low temperatures and general drier conditions (Fig. 3). At
436.8 ka (sample BC 0; UB 6), where a short and abrupt warm event is
registered and marked in the lithological record by an erosional surface
(Karkanas et al., 2018), is particularly dominated by long chain n-
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alkanes, pushing both the CPI and ACL to higher values, consistent with
drier conditions as suggested by the δ2HC29-C31n-alkanes.

Between 436.5 and 435.5 ka, the samples immediately after BC
0 (349_70 – 349_85) exhibit the lowest CPI values in the section
(~2.4–5.4). Low CPI values can be associated with microbial degrada-
tion under very low sedimentation rates (Duncan et al., 2019), or
organic matter degradation in general (Angst et al., 2016). Low CPI
ratios also translate into low biogenic input and increased petrogenic
contribution (Pendoley, 1992), indicating low n-alkane production and
reworking for this time interval. Grain size analysis revealed a domi-
nance in coarse material for UB7 and UB6 units (Bludau et al., 2021),
associated with an overall increase in dust and terrestrial material input
(i.e., increased Ti and La concentrations; Bludau et al., 2021. Karkanas
et al. (2018) discuss the possible link between increased carbonate
content and clast input due to enhanced mechanical erosion, which
could be related to increased aridity/reduced forest cover. The TOC
(total organic carbon) and C/N (carbon to nitrogen ratio) measured by
Bludau et al. (2021) also decrease with the glacial maximum onset,
interpreted as a low energy indicator. The association of lower ACL
values with high Paq values during the coldest MIS 12 interval indicate a
significant input from submerged/floating plants (Ficken et al., 2000),
suggesting lake shrinkage and less precipitation for the same time in-
terval. Collectively, the environmental proxies show cold and dry con-
ditions at the archaeological horizon deposition in the beginning
(UB5a), that change to milder towards the upper part (UB4c).

6.4. Temperature and humidity variations in regional and global context

Marathousa 1 provides the most complete, high-resolution conti-
nental temperature record for MIS 12 in Greece and the Mediterranean
area, particularly important in the context of human populations pres-
ence. Prolonged, low temperatures (i.e., glacial maximum) at Mar-
athousa 1 were recorded between ~436–432 ka (UB6 − UB5,
overlapping with most of the archaeological horizon; MIS 12a), in
accordance with the global minimum records (e.g., Lisiecki and Raymo,
2005; Koutsodendris et al., 2019). Pollen data collected around the
Megalopolis basin (Okuda et al., 2002), from Tenaghi Philippon
(Tzedakis et al., 2006), and from Lake Ohrid (Koutsodendris et al., 2019)
show a decrease in mesophilous taxa during this time interval and an
increase in steppe elements, information supported by our increasing
δ13Cn-alkanes values, pointing to an increase in C4 plants and/or water
stress.

When comparing our temperature records with reconstructed pollen-
based temperature estimates from Lake Ohrid (Balkans, Fig. 1; Koutso-
dendris et al., 2019) for the same time interval, MAAT shows tempera-
tures of ~5 ◦C lower temperature in Marathousa 1, with the exception of
the coldest phase of MIS 12 (Fig. 4), when Ohrid shows close to 0 ◦C
(Fig. 4). The Tenaghi Philippon biomarker record (Greece, Ardenghi
et al., 2019) partially overlaps with Marathousa 1 between 415 and 434
ka and shows a similar warming trends towards MIS 11, but the calcu-
lated values for Tenaghi Philippon are ~5 ◦C lower than soil-based
calibration MAAT. Ardenghi et al. (2019) report temperature values
from Tenaghi Philippon which they obtained by using the calibration
proposed by Sun et al. (2011) with a better correlation to warmer sea-
son. These values are comparable to our MAF estimates (Fig. 4), which
use the more recently developed lake-based calibration for months
above freezing (Raberg et al., 2021). We acknowledge that utilizing
estimates from different calibrations makes intercomparison of data
challenging, especially when referring to absolute values. Moreover, the
calibration of Raberg et al. (2021) used for Marathousa 1 is based on the
improved analytical methods that have allowed for a better separation
of the structural isomers (Martínez-Sosa et al., 2021). The differences in
reconstructed temperatures are the result of the cumulative effect of
methodological differences (i.e., molecular proxies versus pollen) and
the applied biomarker-based calibrations temperature estimates. The
key difference, however, arises from variations in altitude and

geographical position of the different sampled sites. Lake Ohrid (the
deepest lake in Europe; − 288 m) is the northernmost of all the available
continental records considered here, at an elevation of ~700 m, sur-
rounded by the central Balkan Mountains. Tenaghi Philippon is a small
open peat area, ~ 40 m elevation and situated close to sea. In contrast,
the Megalopolis basin is an intermontane basin, with an average
elevation of ~350 m and situated almost four degrees latitude south of
Tenaghi Philippon.

Regardless of the differences in palaeogeography for the mentioned
sites and of the diverse methodology and calibration used for the
brGDGTs temperature reconstruction, the compared reconstructed
temperature records follow the same trend, with the lowest values be-
tween ~440–430 ka (Fig. 4), corresponding to the end of MIS 12 glacial
and warming during the MIS 11 interglacial. All brGDGTs based tem-
perature reconstructions are consistent in estimating an ~5 ◦C increase
in temperature from the glacial MIS 12 to the MIS 11 interglacial.

Similar trends are also registered in precipitation (i.e., pollen-based
values from Lake Ohrid; Koutsodendris et al., 2019) and hydrogen iso-
topic composition of n-alkanes (this study; Tenaghi Philippon of
Ardenghi et al., 2019). Mean annual pollen-based precipitation (PANN)
and δ2HC29n-alkanes values show an important drop in humidity during
the MIS 12 glacial maximum (Fig. 4) and immediately after the MIS 11
onset, when temperatures are increasing abruptly. The same situation is
registered also in Italy, in the Sulmona Basin, where δ18O values from
lake carbonates indicate a pronounced decrease of regional precipitation
consistent with the MIS 12 glacial maximum (Regattieri et al., 2016;
Fig. 4). Overall, at Marathousa 1 we identify an early glacial humidifi-
cation (up to ~460 ka), a mid-glacial aridification (~440–432 ka), late
glacial humidification (~ 432–428 ka), and again aridification into MIS
11 (after 424 ka) indicating a bi-phase hydroclimatic pattern, pointing
to orbital forcing (i.e., obliquity and insolation; Fig. 4).

Even though the Marathousa 1 temperatures are low during MIS 12
(avg. MAAT of ~7 ◦C and MAF of 11.7 ◦C), the conditions in the basin
are overall milder than in the surrounding areas which were covered by
glaciers at high elevations (Leontaritis et al., 2020). Notably, the most
extensive glaciation identified in Greece is attributed to MIS 12 and it is
associated with the coldest mean summer temperatures recorded in
Greece during at least the last 430 ka (≤ 4.9 ◦C at an altitude of 1741 m
above sea level; Hughes et al., 2007). At Ioannina, situated at an altitude
comparable to that of Megalopolis (ca. 480 m above sea level), the
climate during MIS 12 would have been marked by mean summer
temperatures of≤12.4 ◦C (close to the ~10 ◦C fromMAF of Marathousa;
Fig. 3) and mean winter temperatures likely lower than − 0.8 ◦C (Hughes
et al., 2007). UK

37 based sea surface temperatures (SSTs) from the Sicily
straight (488 m water depth; 12.20–13.30 m core depth; Martínez-Dios
et al., 2021) provide values between 13 ◦C and 20 ◦C for MIS 12 in the
central Mediterranean, similar to the more northern Marathousa 1 MAF
record (Figs. 3; 4).

All analyzed Mediterranean records (e.g., Greece and central Medi-
terranean) display sedimentary hiatuses between ~465–440 ka. This
indicates that climatic changes during MIS 12 glacial period had a
regional influence on the sedimentary processes, possibly corresponding
to increased aerial exposure (i.e., erosion under colder and drier con-
ditions; Regattieri et al., 2016) and general sediment starvation due to
low precipitation input (i.e., less riverine input). Other authors (e.g.,
Vidal et al., 1997; Poli et al., 2000) proposed that thermohaline circu-
lation in the northern Atlantic stopped completely during the MIS 12
glacial maximum due to large ice volume accumulation which sup-
pressed deep water convection (Poli et al., 2000). In the Mediterranean
area, which is under the influence of NAO, this would translate into
reduced vapor transport and further reduced rainfall.

Nevertheless, the large scale of the glaciation impacted the entire
northern hemisphere, inducing important changes in temperature, ice-
sheets expansion, sea level and associated atmospheric pCO2. During
MIS 12, temperatures and atmospheric pCO2 dropped substantially (e.g.,
Zachos et al., 2008; van de Wal et al., 2011; Fig. 4), affecting both
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marine and continental biota. Additionally, at ~430 ka, the onset of
Mid-Brunhes Event takes place, a climatic shift between ~430 and 425
ka (MIS 12 to MIS 11 transition), which corresponds to an increase in
amplitude of glacial-interglacial cycles (e.g., Raymo et al., 2007; Clark
et al., 2006). After 430 ka (MIS 11), interglacials were characterized by
higher temperatures and higher concentrations of atmospheric CO2
(Jouzel et al., 2007; Lüthi et al., 2008). Mediterranean and Balkan re-
cords follow the global perspective, with MIS 12 being characterized by
general low temperature and reduced humidity as the water was trapped
in the regional glaciers and polar icecaps, while MIS 11 is characterized
by high temperatures and increased humidity (Fig. 4 and cited
references).

6.5. Hominin populations in the Mediterranean during the MIS 12 glacial

The documented hominin presence in Marathousa 1 correlates with
the end of the MIS 12 glacial maximum, the MIS 12a substage. Our
general environmental data show a cold and dry environment at the
archaeological horizon (top UB5a), that changes to milder towards the
upper part (UB4c). Other continental archaeological sites from MIS 12
(Fig. 4) are documented only in the western Mediterranean, in central
Italy (Valle Giumentina; Villa et al., 2016) and northern Spain (Ata-
puerca; Falguères et al., 2013). The Valle Giumentina record has mul-
tiple levels of habitation between ~470–450 ka (MIS 12b, c), while
Atapuerca is dated around 465 ka (MIS 12c).

Preliminary ages from other recently identified archaeological sites
in the Megalopolis lignite mine (Karkanas et al., 2024) indicate the
presence of hominins in the basin during other MIS stages as well be-
tween circa 700–300 ka (roughly MIS 16 to MIS 8). The evidence of
human activities in glacial intervals though (i.e., Marathousa 1 site),
suggests their persistence in the area through highly fluctuating climatic
and environmental conditions. This could be explained by the sheltered
nature of the basin (i.e., an intramontane basin), attenuating the severity
of glacial conditions observed in other regions (e.g., Bludau et al., 2021).

7. Conclusions

The integrated biomarker and stable isotope leaf wax records from
Marathousa 1 (Peloponnese, Greece) cover the interval between
~485–412 ka, confirming glacial conditions in southern Greece and the
Eastern Mediterranean during MIS 12 stage. Biomarker-based recon-
structed mean annual temperatures show a general cooling trend in the
section, that culminates between ~440–432 ka, when the minimum is
registered (i.e., during peak glacial conditions). This cooling is associ-
ated with important changes in vegetation, from more forested to more
open landscapes (increase in C4 plants), as well as in water and moisture
availability (i.e., dryer, lake shrinkage). δ2H values of leaf waxes indi-
cate two episodes with drier conditions in the Megalopolis basin, one
peaking at ~436.8 ka and the other at ~433.2 ka. The first is associated
with a warming interval during the general cold conditions, while the
second coincides with the end of the glacial maximum. The onset of
sustained glacial conditions in the basin at ~465 ka (UB7) is marked by
a negative excursion in the leaf wax hydrogen isotope ratio suggesting
increased humidity (i.e., increased precipitations). By the end of this
interval (~432 ka), the humidity drops considerably, drought affecting
both terrestrial and aquatic ecosystems due to the large moisture
quantity stored now in ice.

Our data also show a regional response of biota (i.e., vegetation,
hydrology, animals/humans) to a global event (i.e., MIS 12 northern
hemisphere glaciation), bringing new insights into the expression of this
event in southern Greece and eastern Mediterranean, with major con-
sequences over both continental and marine domains. The final part of
the glacial maximum (434–431 ka; UB5a – UB4c), an interval marked by
the most drastic environmental conditions observed in Marathousa 1
section, is associated with the level of human occupation, indicating that
Pleistocene hominins were present in the basin at this time and

supporting the role of the basin as a glacial refugium.
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Villa, V., Pereira, A., Chaussé, C., Nomade, S., Giaccio, B., Limondin-Lozouet, N.,
Fusco, F., Regattieri, E., Degeai, J.-P., Robert, V., Kuzucuoglu, C., Boschian, G.,
Agostini, S., Aureli, D., Pagli, M., Bahain, J.J., Nicoud, E., 2016. A MIS 15-MIS 12
record of environmental changes and lower Palaeolithic occupation from Valle
Giumentina, Central Italy. Quat. Sci. Rev. 151, 160–184. https://doi.org/10.1016/j.
quascirev.2016.09.006.

Vinken, R., 1965. Stratigraphie und Tektonik des Beckens von Megalopolis (Peloponnes,
Griechenland). Geol. Jahrb. 83, 97–148.

Weijers, J.W.H., Schouten, S., van der Donker, J., Hopmans, E.C., Sinninghe Damsté, J.,
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