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Abstract

After the Mid-Pleistocene Climate Transition, Eurasian ecosystems were governed by
longer (~100 ky) but higher amplitude climatic periodicity (glacial-interglacial cycles).
The increased intensity of the glacial cycles impacted floral, faunal, and hominin
biogeography. Glacial refugial areas in peninsular southern European regions had a
prominent role in the survival and persistence of several temperate taxa during adverse
periods; however, little is known about the environmental conditions that governed
these areas. This cumulative dissertation explores landscape dynamics, climate, and
hydrology of a putative micro-refugium in the Megalopolis Basin (Peloponnese,
Greece) at the southernmost part of the Balkan Peninsula through the ecological
characterization of two extinct megaherbivore species, the European straight-tusked
elephant (Palaeoloxodon antiquus) and the European hippopotamus (Hippopotamus

antiquus).

Individual megaherbivore ecologies were reconstructed through isotopic
biogeochemistry to infer millennial, decadal, and annual scale climatic and
environmental conditions in the area between ca. 700 and 430 ka. The studied
specimens originated from five Middle Pleistocene fossiliferous sites in the
Megalopolis Basin, namely Marathousa 1 (ca. 430 ka), Marathousa 2 (ca. 450 ka),
Kyparissia 3 (ca. 650 ka), Kyparissia 4 (ca. 700 ka), and Kyparissia-T (early Middle
Pleistocene). The contextual association of faunal specimens with hominin activity,
either directly in the form of butchering marks or indirectly through their stratigraphic
and spatial association with stone tools, extended interpretations to the hominin

paleoenvironmental niche in the basin.

Three studies present carbon, oxygen, and strontium isotope analyses on enamel
carbonates of a straight-tusked elephant (P. antiquus) and five hippopotamus (H.
antiquus) specimens to reconstruct their foraging patterns, habitat and mobility, as
well as the climatic conditions in the basin during different chrono-stratigraphic
intervals. A sequential sampling strategy on herbivore teeth that grow over multiple
years, such as the continuously growing hippopotamus tusks and the elephant molars,

provides sub-annual and decadal-scale stable isotope data for the selected individuals.

Carbon isotopes of both P. antiquus and H. antiquus enamel carbonates revealed the

persistence of C.-dominated ecosystems and a mosaic of habitats in the basin,
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including forested patches and mesic open woodlands/grasslands. Oxygen isotopes
indicated mild climatic conditions, even during severe glacial periods. The intra-tooth
isotopic profiles revealed moderate seasonality in the basin. Individual
palaeoecological inferences suggest dynamic environments and taxon-specific
adaptations to shifting resource availability. Multi-annual fluctuations in the carbon
isotopic composition of Palaeoloxodon antiquus, in conjunction with strontium
isotopic data, suggested limited mobility within the basin for the exploitation of diverse
micro-habitats during the MIS 12 glacial period. Carbon isotope profiles of
Hippopotamus antiquus demonstrated seasonal dietary adaptations and multi-annual
fluctuations in available resources, while oxygen isotopes revealed variable

hydrological or climatic conditions.

Despite climatic oscillations, the Megalopolis Basin provided a diverse array of
subsistence sources, thus facilitating the survival of these megaherbivores through
Middle Pleistocene glacial or stadial periods. These results offer further substantiation
to the basin’s role as a micro-refugium, an area in which organisms survived through
adverse conditions and from which they were able to re-establish viable populations in
northern settings during climatic amelioration, but also highlighted the resilience and

adaptability of both megafauna and hominin populations to changing environments.
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Zusammenfassung

Nach dem mittelpleistozinen Klimaumbruch unterlagen die eurasischen Okosysteme
einer lingeren (~100 ky) und stdarkeren klimatischen Periodizitat (Glazial-
Interglazial-Zyklen) als zuvor. Diese zunehmende Intensitat der Gletscherzyklen
wirkte sich auf die Flora, die Fauna und die Biogeographie der Homininen aus.
Wihrend unglinstiger Perioden spielten glaziale Refugialgebiete auf den
siideuropdischen Halbinseln, z.B. dem Balkan, eine herausragende Rolle fiir das
Uberleben und Fortbestehen verschiedener Taxa der gemiBigten Breiten. Uber die
Umweltbedingungen, die in diesen Refugialgebieten herrschten, ist jedoch wenig
bekannt. Im Fokus dieser kumulative Dissertation steht das vermeintliche
Mikrorefugium im Megalopolis-Becken (Peloponnes, Griechenland) im siidlichsten
Teil der Balkanhalbinsel. Anhand der ©kologischen Charakterisierung von zwei
ausgestorbenen Megaherbivoren-Arten, dem Europidischen Elefanten mit geradem
StoBzahn (Palaeoloxodon antiquus) und dem Flusspferd (Hippopotamus antiquus),
wurden die Landschaftsdynamik, das Klima und die Hydrologie des Megalopolis-

Beckens untersucht.

Isotopenanalysen ermoglichen die Rekonstruktion der Okologie einzelner
Megaherbivoren. Abhingig vom beprobten Material konnen diese Analysen
Riickschliisse auf die Klima- und Umweltbedingungen einer Region mit einer
Auflosung von Jahrtausenden, Jahrzehnten oder Jahren liefern. Das hier untersuchte
Material stammt aus fiinf mittelpleistozanen Fossilfundstellen im Megalopolis-
Becken: Marathousa 1 (ca. 430 ka), Marathousa 2 (ca. 450 ka), Kyparissia 3 (ca. 650
ka), Kyparissia 4 (ca. 700 ka) und Kyparissia-T (frithes Mittelpleistozin). Die
kontextuelle Verbindung der analysierten Fauna mit homininen Aktivititen,
entweder direkt in Form von Schlachtspuren oder indirekt durch ihre
stratigraphische und raumliche Verbindung mit Steinwerkzeugen, erweiterte die

Interpretationen der paldaookologischen Nische der Homininen im Becken.

In drei Studien wurden Kohlenstoff-, Sauerstoff- und Strontium-Isotopenanalysen an
Zahnschmelzkarbonaten eines Europdischen Waldelefanten (P. antiquus) und
von fiinf  Flusspferden (H. antiquus) durchgefiihrt, wum  deren
Nahrungsverhalten, Lebensraum und Mobilitat sowie die klimatischen Bedingungen
im Becken wihrend verschiedener -chronostratigraphischer Intervalle zu
rekonstruieren. Eine  Strategie @ zur  sequenzielle = Probenahme an

Pflanzenfresserzihnen, die tiber
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mehrere Jahre hinweg wachsen, wie z. B. kontinuierlich wachsende
NilpferdstoBzdhne und Elefantenmolaren, liefert fiir die ausgewahlten Individuen

stabile Isotopendaten auf subjahrlicher und dekadischer Ebene.

Die Kohlenstoffisotope der Zahnschmelzkarbonate von P. antiquus und H. antiquus
zeigten, dass im Megalopolis-Becken Cs-dominierte Okosysteme und ein Mosaik
von Lebensraumen, einschlieflich bewaldeter Flichen und mesischer offener
Wilder/Griinland, fortbestehen. Die Sauerstoffisotope weisen auf milde
klimatische Bedingungen hin, selbst wihrend der schweren Eiszeiten. Die
Isotopenprofile zwischen den Zihnen zeigten eine maBige Saisonalitit im
Becken. Einzelne palaookologische Schlussfolgerungen deuten auf dynamische
Umgebungen und Taxon-spezifische Anpassungen an die wechselnde
Verfiigbarkeit von Ressourcen hin. Mehrjahrige Schwankungen in der
Kohlenstoff-Isotopenzusammensetzung von Palaeoloxodon antiquus in Verbindung
mit Strontium-Isotopendaten deuten auf eine begrenzte Mobilitat innerhalb des
Beckens hin, um verschiedene Mikrolebensraume wahrend der MIS 12-Eiszeit
zu nutzen. Die Kohlenstoff-Isotopenprofile von Hippopotamus antiquus
zeigten saisonale Anpassungen der Ernahrung und mehrjihrige
Schwankungen der verfiigharen Ressourcen, wihrend die Sauerstoff-Isotopen

variable hydrologische oder klimatische Bedingungen erkennen lieBen.

Trotz klimatischer Schwankungen bot das Megalopolis-Becken eine Vielzahl von
Nahrungsquellen und erleichterte so das Uberleben von Megaherbivoren
wahrend der glazialen oder stadialen Perioden des Mittelpleistozans. Diese
Ergebnisse untermauern die Rolle des Beckens als Mikrorefugium, ein
Gebiet in dem Organismen bei vergleichsweise glinstigen Bedingungen iiberlebten
und von dem aus sie bei einer Klimaverbesserung nordlichere Gefilde neubesiedeln
konnten. Dariiber hinaus spiegeln die Ergebnisse die Widerstandsfahigkeit und
Anpassungsfahigkeit sowohl der Megafauna als auch der Homininenpopulationen

an sich verandernde Umgebungen wieder.
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1| 1 Introduction

1 Introduction

1.1. Theoretical background

The Middle Pleistocene (0.78—0.12 Ma) is a period of great importance for hominin
evolution and dispersal across Africa and Eurasia. The presence of hominins in the
latter dates back to the Early Pleistocene (~1.8 Ma) (Gabunia et al., 2000; Garcia
et al., 2010); however, early hominin occurrences in the Eurasian fossil record
remain scarce. On the contrary, compelling evidence for the establishment of
persistent populations in the Eurasian continent exists from the early Middle
Pleistocene (ca. 700 ka) onwards (Gamble, 2017; Moncel et al., 2021; Rodriguez et
al., 2022). Emerging research also highlights a contemporaneous shift in lithic
technology and the spread of bifacial stone tool production in Southwest Europe
(Moncel & Ashton, 2018; Moncel et al.,, 2020), among other innovations and
adaptations (Galway-Witham et al., 2019; Mondanaro et al., 2020; Roebroeks,

2001).

The pattern of hominin dispersal and the associated biological, behavioural, and
cultural shifts are often correlated to environmental and climatic forces (Blain et
al., 2021; Moncel et al., 2018; Timmermann et al., 2022). The dawn of this gradual
transformation can be traced to the Early—Middle Pleistocene transition (EMPT),
otherwise known as the “Middle Pleistocene Revolution”, a global climatic
transition in glacial-interglacial periodicity from ~40 thousand years (ka) cycles to
~100 ka cycles, that took place between 1.4 and 0.4 My (Berends et al., 2021; Head
& Gibbard, 2015; Herbert, 2023). The EMPT was also characterized by higher
amplitude variability in global climate and greater intensity of glacials and
interglacials, which intensified after 900 ka and persisted until ~420 ka (MIS 12—
11 transition). The event was further accompanied by increased expansion of ice
sheets, significant sea level changes (Herbert, 2023), as well as progressively
increasing seasonality and aridity (Fidalgo, Rosas, Bartolini-Lucenti, et al., 2023;

Joannin et al., 2007; Palombo, 2014; Strani et al., 2019).

The climatic shifts of the EMPT subsequently encouraged a biotic turnover. A
major gradual restructuring in vegetation communities occurred from ~900 ka

onwards. A number of studies have demonstrated the disappearance of sub-
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tropical ecosystems and the subsequent expansion of open landscapes, as a
response to aridification. Alternations between wooded steppe/steppe vegetation
and thermophilous arboreal taxa in the Mediterranean region paralleled
glacial/interglacial cyclicity (Bertini et al., 2015; Magri et al.,, 2017;
Panagiotopoulos et al., 2020 and references therein). The extensive pollen record
of the Tenaghi Philippon (Greece) sequence indicates that the Balkan peninsula
experienced a notable decrease in floristic diversity after MIS 16 (676—621 ka)
(Tzedakis et al., 2006). An increase in the abundance of Quercus (oak) around the
same time marked the establishment of a more Mediterranean-type climate with
drier conditions (Margari et al., 2018; Tzedakis et al., 2006). The spread of more
open landscapes during the EMPT enabled the migration and dispersal of African
and Palearctic faunal elements —some of which were well-adapted to grasslands
and open habitats— into Eurasia. Major consecutive biotic events resulted in the
“late Villafranchian—Epivillafranchian/Galerian large mammal turnover”, which
saw the disappearance of several late Villafranchian taxa, such as the mammoth
Mammuthus meridionalis and the hyena Pachycrocuta, and the appearance of
migrant carnivoran taxa, e.g., Crocuta crocuta and Panthera pardus, as well as
large herbivores, e.g., Cervus elaphus, Sus scrofa, Mammuthus trogontherii, and
Palaeoloxodon, in the continent (Konidaris & Kostopoulos, 2024; Palombo, 2014;

Strani et al., 2021).

Among them, the genus Palaeoloxodon, commonly referred to as straight-tusked
elephants, originated in Africa and migrated towards Eurasia through the
Levantine corridor at the end of the Early Pleistocene (Saegusa et al., 2009). Since
then, palaeoloxodonts dispersed rapidly to Europe and Asia, where they comprised
a common component in the Middle—Late Pleistocene faunal assemblages of the
continent. The oldest occurrences of the genus are recorded in SW Europe close to
the Early/Middle Pleistocene boundary (0.9—0.8 My) with the European straight-
tusked elephant Palaeoloxodon antiquus (Davies, 2002; Palombo et al., 2010;
Palombo, 2017). The species derived from the Pliocene—Pleistocene East African
Palaeoloxodon recki, which migrated to Eurasia at ~1.0 Ma (Athanassiou, 2022a).
In the northern latitudes of Europe (i.e., central Europe, which represents the
northern-most limit of the P. antiquus known expansion; Palombo et al. 2010: fig.

6), P. antiquus was widely distributed during interglacial or interstadial phases,
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whereas during the intervening glacial stages, when open habitats with cold- and
drought-tolerant taxa prevailed, the range of the taxon was mostly restricted to
southern European regions, which acted as refuge areas for temperate biomes
(Lister, 2004; Tsoukala & Lister, 1998). The climatic cooling and the associated
vegetational shifts, i.e., a trend to more open, steppic landscapes, at the end of the
Eemian (MIS 5e), resulted in the reduction of its population in northern and
central Europe. Since then, the species is assumed to have persisted mostly in
southern Mediterranean regions (but see Mol et al., 2007 for the Netherlands) until
the last glacial period of the Late Pleistocene (Athanassiou, 2022a; Braun &
Palombo, 2012; Palombo, 2017; Stuart, 2005). Palaeoloxodon antiquus occupied
a broad spectrum of habitats, including mild humid, warm to warm-temperate
environments, with moderately wooded to wooded landscapes, as well as wooded
or even arid grasslands (Davies, 2002; Palombo et al., 2010). Dental micro- and
mesowear analyses indicate that P. antiquus demonstrated high dietary flexibility,
exhibiting foraging behaviour that ranged from exclusively browsing to grazing
depending on the available resources (Rivals et al., 2019; Saarinen & Lister, 2016).
Despite its ecological adaptability, the environmental tolerances of the species are

generally associated with temperate climatic conditions.

Another megaherbivore of African origin that became widely dispersed in Eurasia
at the onset of the EMPT is Hippopotamus spp. The earliest occurrence of the
genus Hippopotamus in Eurasia is thought to date to the Early Pleistocene (~2.0
Ma). The early fossil record of the taxon in Europe is sparse and includes specimens
from Elis (Greece), Fontana Acetosa and Chiusi Basin (Italy), as well as Mencal-9
(Spain) (Athanassiou, 2022b; Fidalgo, Rosas, Madurell-Malapeira, et al., 2023;
Iannucci et al., 2023; Mecozzi, 2023 and references therein). After ca. 1.5 My, the
European Hippopotamus antiquus was widely diffused in the northern circum-
Mediterranean regions, whereas even northern and central European latitudinal
expansions beyond the Mediterranean were discontinuous and mostly associated
with interglacial periods (Athanassiou, 2022b; Konidaris & Kostopoulos, 2024;
Martinez-Navarro et al., 2015). During the Epivillafranchian, the species reached
its apparent maximum geographic range, expanding to the United Kingdom,
Germany, the North Sea, and the Netherlands (Adams et al., 2022; Fidalgo, Rosas,
Madurell-Malapeira, et al., 2023 and references therein; Kahlke, 2001). The

distribution patterns of Hippopotamus antiquus in the fossil record reveal a
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preference for humid, temperate environments (Fidalgo, Rosas, Madurell-
Malapeira, et al., 2023 and references therein), while a higher affinity to aquatic
habits in comparison to extant hippopotamus has been implied for this species,
based on isotopic and anatomical indices (Palmqvist et al., 2003; Palmqvist et al.,
2022). Nonetheless, the ecological tolerances and the niche of the species remain
uncertain until now (Fidalgo, Rosas, Madurell-Malapeira, et al., 2023). Despite the
debate surrounding its last occurrence, the species’ extinction could tentatively be
correlated to MIS 11 (Marra et al., 2018). In the second half of the Middle
Pleistocene, H. antiquus was gradually replaced by the smaller in size
Hippopotamus amphibius (Athanassiou et al., 2018; G. Konidaris et al., 2023;
Martino & Pandolfi, 2022).

Previous studies have established that climatic instability and the intensity of
glacial episodes during the Middle Pleistocene had a significant influence on the
phylogeny, demography, and biogeography of several vertebrate and plant taxa
(Dennell et al., 2011; Koutsodendris et al., 2019; Macaluso et al., 2023; Magri &
Palombo, 2013; Scotti-Saintagne et al., 2021; Stewart et al., 2010; Tzedakis et al.,
2006), among which P. antiquus and H. antiquus. Both taxa demonstrated wide
biogeographic ranges during warmer, interglacial periods but their
populations contracted to Southern European refugial areas during glacial periods
(see Fidalgo et al., 2024; Fidalgo, Rosas, Madurell-Malapeira, et al., 2023; G.
Konidaris et al., 2023 for H. antiquus and Athanassiou, 2022a; Davies, 2002;
Palombo et al., 2010 for P. antiquus). The same has been hypothesized also
for Pleistocene hominins, including the Middle Pleistocene Homo
heidelbergensis (sensu lato) (Dennell et al.,, 2011; Harvati & Reyes-Centeno,
2022; Roksandic et al., 2018; Stewart & Stringer, 2012), which is considered to
have shared a similar ecological niche as the two megaherbivores and a
preference for temperate environments (G. E. Konidaris & V. Tourloukis, 2021;

Tréjer, 2024).

The concept of glacial refugia in Europe was originally applied to temperate and
boreal plant and animal taxa, whose geographical distribution was restricted to
South European peninsulas, i.e. the Iberian, Italian, and Balkan peninsulas,
during the Last Glacial Maximum (LGM) (Bennett et al., 1991; Hewitt, 1999,
2000; Svenning et al., 2008). Since then, the concept has expanded to include
various scenarios of shifting species biogeography and biodiversity. In general, it

defines
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an area in which organisms persist through unfavourable conditions (or through
glacial/interglacial cycles) and from which they can potentially expand but,
depending on the parameters considered, the definition may differ (e.g., macro-
and micro-refugia, in-situ or ex-situ; see Tzedakis et al., 2013 and Jones, 2022 for
an overview). Nonetheless, the “traditional” refugia —the South European

peninsulas— continue to be pertinent in Paleolithic archaeology.

In the Balkan Peninsula, a plethora of studies investigating the status of Pleistocene
refugia have focused on the Greek record (Jones, 2022). The more or less
continuous presence of temperate biomes, including thermophilous and
mesophilous taxa, relict sub-tropical species, and several warm-adapted faunal
elements, many of which persisted locally, evolved or adapted, and re-colonized
northern latitudes despite the climatic fluctuations and the glacial intensity of the
Pleistocene, shows that the region featured important refugial areas. Here, the
concept of the “refugium within refugium” (Gémez & Lunt, 2007) is preferred,
since this scale of analysis takes into account the variable topography and
microclimatic conditions of the region under study, as well as the fragmentary
nature of suitable habitats for temperate biota. The term, which is hereafter treated
as synonymous with “microrefugium” (Jones, 2022), defines a single, smaller area
within the major, traditional refuge region (e.g., Greece or the Balkan Peninsula),
in which a population persisted through the adverse glacial or stadial conditions.
Within this interpretative context, ample archaeological and paleoenvironmental
evidence has been provided for the Late Pleistocene refugial nature of the
Peloponnese and Epirus in Greece (e.g., Karaiskou et al., 2014; Roditi &
Starkovich, 2022; Tourloukis & Harvati, 2018; Tzedakis et al., 2003; Tzedakis
et al.,, 2004); however, the Middle Pleistocene archaeological record
remains limited and knowledge of the dominant climatic and vegetative
dynamics during that time in the region is still scanty (Tourloukis & Harvati,

2018; Tourloukis & Karkanas, 2012).

1.2 The Megalopolis Basin: A putative micro-

refugium in central Peloponnese

In the Megalopolis Basin (Central Peloponnese, Greece), recent research efforts
have given prominence to its potential role as a microrefugium (e.g., Field et al.,

2018; G. Konidaris et al., 2023; Konidaris et al., 2022; Konidaris et al., 2024;
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Konidaris et al., 2018; Michailidis et al., 2018; Vlachos & Delfino, 2016). The locale
is an intramontane tectonic half-graben extending to an area of 250 kmz2, with its
main axis running in a northwest-southeast direction. It is flanked by the Mainalo,
Lykaion, and Taygetos mountain ranges to the east, west, and south, respectively.
The basin, situated at an altitude of ~330—450 meters above sea level, developed
on the Mesozoic to Paleogene bedrock of the Peloponnese during the Late Miocene
to Pliocene epoch. During the Early to Middle Pleistocene, lacustrine and fluvio-
lacustrine deposits testify to the periodic presence of a large lake (Van Vugt et al.,

2000; Vinken, 1965).

The Megalopolis Basin has yielded rich Pleistocene faunal assemblages through a
long-spanning stratigraphic sequence, including temperate species such as the
Barbary macaque Macaca sylvanus, the European pond turtle Emys orbicularis,
and several temperate-adapted birds (Athanassiou et al., in press; Athanassiou et
al., 2018; Konidaris et al., 2022; Konidaris et al., 2018; Michailidis et al., 2018;
Vlachos & Delfino, 2016; Vlachos et al., in press). The abundance of Palaeoloxodon
antiquus and Hippopotamus antiquus remains through multiple chrono-
stratigraphic periods is noteworthy and known from past decades of fieldwork,
although many specimens lacked precise stratigraphic context (Athanassiou,
2022a, 2022b; Melentis, 1965; Melentis, 1961, 1963). Recent fieldwork by a
collaborative team from the Ephorate of Palaeoanthropology-Speleology of the
Hellenic Ministry of Culture (Greece) and the University of Tiibingen (Germany)
targeting the Middle Pleistocene Marathousa Member (Mb) of the Choremi
Formation (Vinken, 1965) within the Megalopolis lignite mines has identified
several new fossil-bearing sites and recovered hippopotamuses and elephants,
among other vertebrate fossils, from well-defined stratigraphic contexts
(Athanassiou, 2018; Athanassiou et al., in press; Athanassiou et al., 2018; Karkanas
et al., in press; Konidaris et al., 2024; Konidaris et al., 2018; Thompson et al.,
2018). The deposits of the Choremi Formation capture the transition of the basin’s
environment from a lacustrine (Marathousa Mb) to a fluvial (Megalopolis Mb) one
(Van Vugt et al., 2000). The Marathousa Mb, representing the period between ca.
900—-300 ka, comprises a series of three main lignite seams —abbreviated as LI,
LII, and LIII and further subdivided into smaller lignitic units (LIa—c, LIIa—b,
LIITa—c)— alternating with clastic sediments (Tourloukis, Muttoni, et al., 2018;

Van Vugt et al., 2000). The recurring deposition of lignite and detrital units reflects
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the cyclicity of limnic to limnotelmatic conditions during interglacial/glacial
oscillations, respectively (Karkanas et al., 2018; Okuda et al., 2002; Vinken, 1965).
The fossil-bearing deposits are found within the clastic units and are thus
considered to be associated with glacial (or stadial) periods. The excellent
preservation of organic remains and the abundance of faunal materials recovered
from the extensive, successive deposits of the Megalopolis Basin provide the
opportunity for a multi-disciplinary diachronic paleoenvironmental investigation,
encompassing a climatically and environmentally turbulent phase for European

ecosystems.

In addition to faunal and palaeobotanical remains, traces of hominin presence,
namely lithic artifacts and human-induced taphonomic alterations on bones, were
unearthed at the sites of Marathousa 1 (MAR-1; ca. 430 ka) (Panagopoulou et al.,
2018; Tourloukis, Thompson, et al., 2018), Marathousa 2 (MAR-2, ca. 450
ka)(Karkanas et al., in press; G. Konidaris et al., 2023), Kyparissia 3 (KYP-3; ca.
650 ka), Kyparissia 4 (KYP-4; ca. 700 ka), Tripotamos 4 (TRP-4; ca. 400 ka), and
Choremi 7 (CHO-7; ca. 280 ka) (Karkanas et al., in press; Konidaris et al., 2024).
The first discovery of archaeological evidence attributed to the Lower Paleolithic in
the Megalopolis Basin came from Marathousa 1, stratigraphically placed between
LIIb and LIIIa (Panagopoulou et al., 2018; Tourloukis, Muttoni, et al., 2018;
Tourloukis, Thompson, et al., 2018). The site yielded associated cultural, faunal,
and botanical remains dated to ca. 430 ka (glacial MIS 12), among which the
partial skeleton of a butchered straight-tusked elephant (Field et al., 2018;
Konidaris et al., 2018; Panagopoulou et al., 2018; Tourloukis, Thompson, et al.,
2018). Until recently, Marathousa 1 was considered the oldest open-air
archaeological site in Greece and Southeast Europe (Tourloukis & Harvati, 2018).
However, the latest discovery of lithic artifacts at Kyparissia 4, situated close to the
top of LI shortly after the Matuyama/Bruhnes reversal (LIb, 780 ka) and dated
between 780 ka and ca. 670 ka based on biochronological data, has now pushed
back the earliest evidence of hominins in Greece (Karkanas et al., in press;

Konidaris et al., 2024; van Kolfschoten et al., in press).
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1.3 Methodological Background: Stable and

radiogenic isotopes in paleoecology

Stable and radiogenic isotope analyses provide a rigorous approach to exploring
the paleoecology of extinct species. Applications of isotopic analyses on fossil
mammalian skeletal tissues provide valuable insights into a taxon’s diet, habitat
preference, trophic position, physiology, and mobility patterns, while they can
further derive environmental and climatic conditions (e.g., Bocherens & Drucker,
2013; Bocherens et al., 1996; Britton, 2020; Kohn & Cerling, 2002; Schwarcz et al.,
2010). Widespread and well-established stable and radiogenic isotopic approaches
comprise carbon, oxygen, and strontium analyses of mammalian tooth enamel.
Enamel, dentine, and bone consist of an inorganic fraction, a calcium-phosphate-
based mineral called bioapatite, and an organic fraction, i.e., proteins and
collagen. The inorganic component of enamel is notably higher (~95% by weight)
in comparison to dentine and bone (70% and 65% by weight, respectively),
making it more resistant to post-depositional, diagenetic alterations (Koch et al.,
1997; LeGeros, 1991; Wang & Cerling, 1994). In conjunction with the highly
mineralized nature of the tissue, the denser and less porous crystalline structure
of enamel bioapatite justifies the advantage of dental enamel proxies over bone
and dentine in extracting information from deep-time assemblages and regions
with unfavourable conditions for collagen preservation, such as Greece
(Iliopoulos & Stathopoulou, 2023). Enamel forms in an accretionary manner and,
unlike bone, does not remodel after its formation and mineralization, thereby
recording isotopic information within finite time intervals in each increment
(Lee—Thorp, 2002). Within a single tooth, the temporal resolution of isotopic
variability largely depends on the time of tooth formation and the processes
surrounding enamel apposition and mineralization (Norwood et al., 2023; Passey
& Cerling, 2002; Passey, Cerling, et al., 2005; Zazzo et al., 2005; Zazzo et al.,
2012). When incremental sampling is employed, intra-tooth variation in stable
and radiogenic isotopic ratios could therefore represent short-term, infra-annual

or multi-annual changes.
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Carbon isotopes (*3C /12C)

Carbon isotope ratios (13C/12C) —expressed as 6'3C" — in herbivore enamel serve as
a critical method for inferring the diet of primary producers and reconstructing
their preferred foraging habitats. The carbon isotopic values in herbivore enamel
bioapatite trace the carbon isotopic composition of the bulk vegetation comprising
the animal's diet at the time of tooth mineralization (Bocherens & Drucker, 2013;
Bocherens et al., 1996; DeNiro & Epstein, 1978), with a quantifiable isotopic
fractionation due to metabolic and physiological processes (Cerling et al., 2021;
Cerling & Harris, 1999; Passey, Robinson, et al., 2005). Naturally occurring
variation in the carbon isotopic composition of terrestrial plants is primarily
influenced by carbon fixation and the photosynthetic pathway they utilize (Cs,
CAM, C,) (Bender, 1971; Farquhar et al., 1989). In modern terrestrial ecosystems,
plants using the C; photosynthetic pathway (or Calvin cycle), comprising trees,
shrubs, and cool-season grasses, typically exhibit §:3C values between -36%o and
—22%o, with an average 613C of —27%o. (Farquhar et al., 1989; Kohn, 2010; Metcalfe,
2021; O'Leary, 1988). In contrast, C4 plants, predominantly warm-season tropical
grasses and sedges, demonstrate substantially higher §:3C values ranging between
—17%o0 and —9%o with an average 6'3C of —13%.. Plants using the Crassulacean acid
metabolism (CAM) for photosynthesis exhibit intermediate values between the C;
and C,4 vegetation; however, CAM plants, mostly cacti and succulents, usually don’t

contribute significantly to the diet of herbivores.

The wide range (~14%o) of §13C values in C; vegetation is a result of additional
intrinsic and extrinsic, environmentally controlled variation. Environmental
controls of §13Cc; include CO- respiration, irradiance, soil salinity, temperature,
and precipitation. Under conditions of water stress and/or reduced atmospheric
CO:- pressure (pCO-), C3 plants demonstrate an enrichment in the heavier isotope
(13C), resulting in higher 63C values. On the other hand, lower light intensity,
higher humidity, and the contribution of 13C-depleted carbon dioxide produced by
decomposing leaf litter influence the isotopic signatures of plants growing under
closed canopy conditions towards lower §:3C value (Kohn, 2010; van der Merwe &

Medina, 1991; Vogel, 1978). This range of environmental variation in C3 vegetation

*Carbon isotopic abundances are expressed as 6 (delta) values, wherein §13C=
[(:3C/2C)sample/ (3C/2C)standard — 1] x 1000 (%0, VPDB).
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communities can be used to deduce the habitat composition and foraging
conditions of primary producers, distinguishing between more open landscapes
and/or xeric conditions, which will be reflected in higher 63Cename;, and more
densely forested and/or humid environments, expected to manifest as lower

613Cenamel values (Drucker et al., 2008) (Figure 1).
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Figure 1: Simplified schematic illustration of carbon isotope (13C /12C) variation in modern C;

ecosystems and herbivore tooth enamel. Cut-off values for different habitats are based on

Metcalfe, 2021 and Kohn, 2010.

Oxygen Isotopes (130/190)

Oxygen isotope ratios (180/100)—reported using the delta notation as 6:30"— in
mammalian skeletal tissues derive from the oxygen isotopic composition of body
water (Bryant & Froelich, 1995; Longinelli, 1984; Sponheimer & Lee-Thorp, 1999).
The 6180 signature of the latter is accordingly determined by oxygen fluxes related
to the animal’s physiology and metabolism, for instance, respiration and water loss
through urination, as well as drinking behaviour and the isotopic composition of
ingested water (Britton, 2020; Kohn, 1996; Pederzani & Britton, 2019).

Evaporation-insensitive (or obligate-drinking) taxa, such as elephants, that obtain

t 6180 =[(180/16O)samp]e/(180/16O)standard - 1] X 1000 (%0, VSMOW)
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water primarily through drinking from meteoric water sources, are expected to
reflect more faithfully the isotopic composition of local water bodies, in
comparison to evaporation-sensitive (non-obligate drinking) herbivores, which
reflect the oxygen isotopic composition of food sources (i.e., leaf water), subjected

to additional fractionation (Levin et al., 2006).

Oxygen isotopes in the global water cycle and, by extension, mammalian skeletal
tissues bespeak geospatial and climatic influences (Britton, 2020; Dansgaard,
1964; Pederzani & Britton, 2019; Sponheimer & Lee-Thorp, 1999). Broader
geographical variability in the oxygen isotopic composition of meteoric water is
partly a function of decreasing 680 values of precipitation with increasing distance
from the coast due to progressive rainout. An altitudinal effect is also created by
progressive rainout, leading to elevated 680 values with decreasing elevation
(Britton et al., 2009; Dansgaard, 1964; Pederzani & Britton, 2019; Rozanski et al.,
1993). On a local, site-specific scale, the §:80 of meteoric water in middle and high-
latitude regions, such as Greece, is most prominently governed by the oxygen
isotopic composition of precipitation and the effects of temperature upon it
(Argiriou & Lykoudis, 2006; Britton, 2020; Dotsika et al., 2010; Pederzani &
Britton, 2019; RozansKki et al., 1993). In this context, lower §'8Oenamel bioapatite Values
are usually characteristic of cooler and more humid climatic conditions, and
higher enamel oxygen isotopic ratios are indicative of warmer conditions and/or
higher aridity (Bocherens & Drucker, 2013; Britton, 2020; Dansgaard, 1964;
Pederzani & Britton, 2019; Rozanski et al., 1993). When incremental sampling of
tooth enamel is applied at an appropriate resolution, variability in oxygen stable
isotope ratios within a single tooth is expected to reflect the temperature and
precipitation effect on a sub-annual scale, thus permitting investigations of
seasonality, wherein the cooler and wetter winter months demonstrate lower §:30
values, while elevated 680 values characterise warm and dry summers. The
aforementioned geographical and environmental controls upon the oxygen
isotopic composition of water bodies and, subsequently, enamel bioapatite, permit
the use of stable oxygen isotopes for paleoclimatic reconstructions and studies of
past mobility (Bocherens & Drucker, 2013; Britton, 2020; Pederzani & Britton,
2019).

Hydrological processes can complicate the relationship between §'8Osource water and

6180precipitation (Bocherens & Drucker, 2013; Pederzani & Britton, 2019). Long-



12 | 1 Introduction

resident water bodies, such as lakes, are subjected to isotopic mixing of distinct
seasonal rainfall signatures, resulting in isotopic averaging and dampening of the
infra-annual oxygen isotopic variability. In such cases, the incremental variability
of enamel bioapatite will also appear attenuated (Pederzani & Britton, 2019;
Steinman & Abbott, 2013; Stuart-Williams & Schwarcz, 1997; Vystavna et al.,
2021). Additionally, the influx of non-local water, for instance, water originating
from higher altitudes or glacial meltwater, could further alter the isotopic
composition of the source water, leading to lower 680 values than precipitation
and obscured seasonal signals (Pederzani & Britton, 2019; Rank et al., 2018;
Rodhe, 1998). Despite the good correspondence between &8Owater and
6180precipitation Obtained from several stable isotopic studies of obligate-drinking
terrestrial taxa, close consideration must be given to the influence of such

processes when interpreting 680enamel (Figure 2).
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Figure 2: Schematic illustration of various sources influencing variation in oxygen isotopic
ratios (180/160) of water bodies and, subsequently, tooth enamel (based on Pederzani & Britton,

2019).

Strontium isotopes (87Sr/36Sr)

In terrestrial ecosystems, strontium is sourced from the erosion of local geological
substrates, upon which it is released into soils, groundwater, or surface water
sources and is subsequently absorbed by plants (Bentley, 2006; Capo et al., 1998;

Price et al., 2002). The dominant control of 87Sr/86Sr ratios in soils and water
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bodies is the local geological substrate. The strontium isotope composition of the
parent bedrock material varies according to the geochemical composition of the
bedrock and its age (Bataille et al., 2020; Bentley, 2006; Britton, 2020; Capo et al.,
1998; Price et al., 2002). Following the principle of radioactive decay, 87Rb
(Rubidium) decays to 87Sr, with a half-life of 4.96 x 1010 (Rotenberg et al., 2012).
Over the course of geological time, rocks are progressively enriched in 87Sr while
the amount of 86Sr remains constant. This results in isotopically distinct
signatures, wherein older geological units will have higher 87Sr/86Sr ratios than
younger ones. Nonetheless, deviations from the local bedrock strontium signature
can be introduced due to atmospheric deposition (e.g., sea spray, exogenous dust),
necessitating prior establishment of a multi-proxy strontium reference baseline
and investigations on the contribution of non-local strontium sources (Bataille et

al., 2020; Capo et al., 1998; Crowley et al., 2017; Frank et al., 2021; Wallace, 2018).
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Figure 3: Simplified visualization of strontium isotope cycling in terrestrial ecosystems (adapted

from Bataille et al. 2020).

The strontium isotopic composition of herbivore enamel reflects that of ingested
vegetation, which is primarily influenced by the local soil 87Sr/86Sr ratios, and to a
lesser extent that of ingested water (Bataille et al., 2020; Bentley, 2006; Britton,
2020; Price et al., 2002; Slovak & Paytan, 2012). Within the food chain, primary
consumers assimilate strontium through their diet and, unlike with carbon and

oxygen stable isotopes, 87Sr/86Sr ratios are not modified by biological processes
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between the source and the target tissue (i.e., fractionation) (Flockhart et al., 2015).
Thus, incremental enamel 87Sr/86Sr ratios reflect the average strontium dietary
intake at the time of enamel formation and maturation, and can be directly
compared to biogenic (floral and faunal), soil, and bedrock strontium isotopic
signatures from the area of interest, to determine the provenance and investigate
movement patterns in animals and humans. When strontium isotope ratios are
combined with oxygen and carbon isotope analyses, they can provide inferences

for landscape use (Figure 3).
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2 Objectives and research design

Considering the significance of the Mid-Pleistocene Transition for the evolution of
both modern terrestrial ecosystems and hominin lineages in Eurasia, the paucity
of paleoclimatic and paleoenvironmental data from the Middle Pleistocene in
comparison to the preceding (Pliocene—Early Pleistocene) and succeeding (Late
Pleistocene) periods is problematic. Recent efforts to elucidate the environmental
context that facilitated hominin adaptations and shaped behavioural, cultural, and
social dynamics during this timeframe have brought forth the remarkable regional
variability in ecosystem and environmental conditions, governed by altitudinal,
latitudinal, and topographic differences across and within the regions (e.g., Magri
et al., 2017; Palombo, 2016). This raises the necessity to construct local-scale

datasets before a broader synthesis of the evidence can be achieved.

Ensuing this concept, the principle aim of this doctoral research was to evaluate
the status of the Megalopolis Basin as a potential glacial microrefugium for both
fauna and hominin populations during the Middle Pleistocene. The absence of
fossil hominin specimens from the region omitted a direct application of
biogeochemical methods from investigations of the hominin paleoenvironmental
niche in the basin. To address the situation, an approach exploring individual
megaherbivore ecologies with a clear connection to anthropogenic activity was
implemented. The European straight-tusked elephant Palaeoloxodon antiquus
constituted an important food resource for hominins in Eurasia since the late
Early/early Middle Pleistocene (Agam & Barkai, 2018; Gaudzinski-Windheuser et
al., 2023; G. Konidaris & V. Tourloukis, 2021; Palombo & Cerilli, 2021; Starkovich,
2023). On the other hand, the exploitation of Hippopotamus antiquus was
seemingly not practised as frequently, based on the scarce occurrence of
anthropogenic marks on specimens belonging to this taxon, despite its abundance
in the Eurasian fossil record (Fidalgo, Rosas, Madurell-Malapeira, et al., 2023; G.
Konidaris et al., 2023 and references therein); nonetheless, the Megalopolis Basin
has provided one of the few cases where hippopotamus remains exhibit
anthropogenic modifications, indicative of carcass exploitation (Konidaris et al.,
2023). The direct (e.g., cutmarks, percussion marks) or contextual association of

the faunal remains to hominin occupancy in the area (Athanassiou et al., in press;
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Karkanas et al., in press; G. Konidaris et al., 2023; Konidaris et al., 2024; Konidaris
et al., 2018; Tourloukis, Thompson, et al., 2018) provided the opportunity to
extend environmental and climatic inferences from the faunal remains to the

reconstruction of the hominin paleoecological niche (Figure 4).
The main objectives of this work were:

1) to reconstruct the ecological characteristics of two extinct Middle
Pleistocene megaherbivores, Palaeoloxodon antiquus and Hippopotamus
antiquus.

2) to identify potential temporal differences in the ecological attributes of the
aforementioned taxa between ~700 ka to 430 ka, and, by extension, in
climatic or environmental conditions.

3) to provide a high-resolution landscape, climate, and hydrological
reconstruction of the prevailing conditions in the Megalopolis Basin during

the Middle Pleistocene hominin occupation.

To meet the aforementioned research objectives, three case studies employed
stable (carbon and oxygen) and radiogenic (strontium) isotopic techniques on
Palaeoloxodon antiquus and Hippopotamus antiquus specimens. Study I
(Appendix A) provides an inter-regional comparison of P. antiquus stable isotopic
data from the Megalopolis Basin to specimens from other Pleistocene European
contexts, aiming to examine the range of variation in habitat and climatic
preferences and/or tolerances of the species. In addition, this study was directed
towards evaluating potential disparity in the environmental conditions between
inter-glacial sites and Marathousa-1 in the Megalopolis Basin. Study IT (Appendix
B) expanded on the ecological investigation of the extinct proboscidean to provide
temporally high-resolute, infra-annual inferences on its habitat and mobility
patterns, as well as the climatic conditions surrounding its habitation within the
region of interest. Here, a multi-isotope approach was implemented with the
inclusion of strontium isotopes next to carbon and oxygen isotopic analyses.
Finally, Study III (Appendix C) focuses on the exploration of the Hippopotamus
antiquus ecology in the Megalopolis Basin through different chrono-stratigraphic
phases, spanning from ca. 700 to 430 ka. The application of incrementally sampled
carbon and oxygen isotopes on Hippopotamus teeth enabled the examination of

seasonal and multi-annual dietary and hydrological changes, offering insights into
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the species’ adaptability and resilience to climatic and environmental fluctuations
over time. Each of these studies provided a window into the ecological tolerances
and adaptations of the two megaherbivores, but also into the conditions

surrounding the presence of Middle Pleistocene hominins in the area.
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Figure 4: Left: Map of the Megalopolis Basin showing the geographical location of the studied specimens. Right: Simplified illustration of
the stratigraphic position of the specimens. The straight-tusked elephant from MAR-1 (ca. 430 ka) and the hippopotamus from MAR-2 (ca
450 ka) are directly associated with hominins through the presence of cutmarks on a few skeletal elements. The hippos from KYP-3 (ca. 650
ka) and KYP-4 (ca.700 ka) are spatially and stratigraphically associated with lithic artefacts. The hippo from MAR-1 post-dates the
archaeological horizon (ca. 430 ka). Finally, there is no anthropogenic evidence linking the hippo from KYP-T to hominin activity at the site.
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3 Results and discussion

This chapter provides an overview of the methodological approaches and key
findings from the articles comprising this dissertation, as listed in the List of
Publications and detailed in the APPENDIX. In-depth methodological discussions

for each case study are provided within the respective manuscripts.

3.1 Study I (Appendix A)

To explore the paleoenvironmental context of hominin occupation in the
Megalopolis Basin and its potential significance as a glacial refugium in the Middle
Pleistocene epoch, the first study investigated the broader foraging habitat and
climatic context of a Palaeoloxodon antiquus individual from the open-air site of
Marathousa 1 (MAR-1). The partial skeleton of the straight-tusked elephant was
excavated in situ from unit UA3c in Area A (Giusti et al., 2018; Karkanas et al.,
2018; Konidaris et al., 2018; Panagopoulou et al., 2018). The stratigraphic
sequence of MAR-1, which was systematically excavated between 2014 and 2019,
has been dated to ca. 430 ka and correlated to the glacial MIS 12 on the basis of
radiometric, biochronological, and magnetostratigraphic evidence (Blackwell et
al., 2018; Butiseaca et al., 2024; Doukas et al., 2018; Jacobs et al., 2018;
Tourloukis, Muttoni, et al., 2018). The proboscidean remains included the
cranium, still preserving both upper third molars (M3s), as well as several
postcranial elements belonging to a male individual in late adulthood (Konidaris
et al., 2018). In addition to indirect indications of hominin presence through the
stratigraphic and contextual association of the skeleton with lithic artifacts (Giusti
et al., 2018; Panagopoulou et al., 2018; Tourloukis, Thompson, et al., 2018), which
had been used for butchering activities (Guibert-Cardin et al., 2022), the individual
also exhibited traces of direct association with hominin activity through the
presence of cutmarks on few skeletal elements, suggesting anthropogenic carcass

exploitation (Konidaris et al., 2018).

A series of sequential enamel samples was obtained with a handheld rotary tool
from the fragmented third upper right molar (M3) of the MAR-1 Palaeoloxodon
antiquus, extending perpendicularly along the height of the tooth crown (Figure

5). The samples were chemically prepared following well-established pretreatment
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protocols (Bocherens et al., 1996; Koch et al.,, 1997), to remove organic
components, exogenous carbonates, and contaminants. Stable isotope ratios were,
subsequently, obtained from enamel carbonates through isotope ratio mass
spectrometry (IRMS) at the Biogeology laboratory of the University of Tiibingen.
Stable carbon and oxygen isotope ratios were analyzed for each sample separately
and the average 63C and §'80 solutions were calculated from the serial isotopic
series. This approach was preferred to bulk enamel sampling, wherein a single
sample is collected superficially and parallel to the direction of tooth growth, as it
reduces potential bias introduced due to the uneven distribution of seasonal signals
along both the enamel thickness and the tooth growth axis, following the

observations of Liu et al. (2022) for elephantine specimens.

Figure 5: A) Sequential sampling of the MAR-1 elephant molar using a handheld rotary tool; B)
Ventral view of the P. antiquus skull. The arrow points to the sampled upper molar; C) Schematic

illustration of elephantine tooth formation on the sampled M3 specimen.

The average carbon and oxygen isotope values of the MAR-1 P. antiquus individual
were examined against published isotopic data of straight-tusked elephant
specimens from Middle Pleistocene interglacial sites in Italy and Germany. The

comparative dataset included bulk enamel carbon and oxygen isotope ratios from
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Mauer (Pushkina et al., 2014), Steinheim an der Murr (Pushkina et al., 2014), and
Neumark-Nord 1 (Grube et al., 2010) in Germany, as well as from specimens found
at the sites of La Polledrara (Palombo et al., 2005), Casal de’ Pazzi (Briatico &
Bocherens, 2023; Palombo et al., 2005), and Poggetti Vecchi (Capalbo, 2018) in
Italy.

The carbon isotope ratios of the MAR-1 straight-tusked elephant revealed a diet
comprising predominantly C; vegetation. The mean carbon isotope ratio of the
studied individual suggested a mesic foraging habitat with C3 woodland/open
grassland vegetation. The inter-regional comparison revealed similar vegetative
conditions to Italian specimens attributed to the interglacial MIS 7. More
specifically, the elephant from MAR-1 demonstrated a similar 6'3C value to the P.
antiquus individual from Poggetti Vecchi (MIS 7, Italy), which likely inhabited an
analogous C3 mesic woodland environment (Capalbo, 2018), while straight-tusked
elephants from Casal de’ Pazzi (MIS 7, Italy) occupied a wider range of habitats,
including mesic woodlands —similarly to the MAR-1 elephant—, as well as more
forested biomes (Briatico & Bocherens, 2023; Palombo et al., 2005). On the other
hand, relatively higher §'3C values were observed in the La Polledrara elephant
population (Palombo et al., 2005), suggesting an environment with higher aridity
and/or more open landscapes in Italy during MIS 9 compared to Greece during
MIS 12. Lastly, the comparison of §:3C values between the straight-tusked elephant
from MAR-1 in Greece and those from Mauer (MIS 15) (Pushkina et al., 2014),
Steinheim an der Murr (MIS 11) (Pushkina et al., 2014), and Neumark-Nord 1 (MIS
5) (Grube et al., 2010) in Germany indicated more densely forested and humid
habitats in the latter.

The oxygen isotopic data provided the basis for broader climatic inferences. The
studied elephant molar from MAR-1 yielded lower average oxygen isotopic ratios
in comparison to the specimens from the three Italian interglacial localities. This
result suggested that climatic conditions in the Megalopolis Basin were cooler
and/or more humid compared to conditions at Casal de’ Pazzi, Poggetti Vecchi, and
La Polledrara in Italy. Contrariwise, the higher mean 680 value of the MAR-1
elephant in comparison to specimens from Mauer and Steinheim an der Murr
indicated that at MAR-1 the climate was likely warmer and drier than at the two

German localities. The incongruous elevated oxygen isotope ratios of the Neumark-
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Nord 1 population were attributed to evaporative enrichment of the source water

from which the elephants were drinking, as suggested by (Grube et al., 2010).

This study presented the first isotopic results for Palaeoxodon antiquus in Greece,
complementing the relatively scant biogeochemical record of the species in Europe.
The broader ecological characteristics of the species were used to investigate
climatic and vegetative conditions in the Megalopolis Basin within a European
Middle Pleistocene context. The isotopic results supported the attribution of MAR-
1 to a glacial stage, revealing colder climatic conditions in the eastern peri-
Mediterranean area during MIS 12. The study further revealed that despite glacial
conditions, the Megalopolis Basin maintained a moderately humid environment
with open woodlands and grasslands, similar to the interglacial landscapes of Italy,
and supported sufficient C3 plant resources to facilitate the survival of faunal
populations, thereby indicating that the impact of the MIS 12 glacial in the area was

milder.

3.2 Study IT (Appendix B)

Expanding upon the findings of Study I, this study furthered the ecological
investigation of the MAR-1 straight-tusked elephant, aiming to provide highly
resolute, sub-annual and multi-annual scale information on the foraging and
movement patterns of the studied individual, as well as on potential climatic
oscillations in the Megalopolis Basin during the MIS 12 glacial period. An
incremental sampling approach perpendicularly to the tooth growth axis allowed
the generation of intra-tooth isotopic profiles, thus providing a long and
continuous record of carbon (613C), oxygen (680), and strontium (87S/86Sr)
isotopic data. The analysed isotopic sequences enabled the assessment of short-
term changes in the elephant’s diet and habitat, climate, and movement patterns,
respectively. Given an estimated ontogenetic age of 64—71 years (Konidaris et al.,
2018) and the pattern of elephantine molar formation (Metcalfe & Longstaffe,
2012; Uno et al., 2020), the timespan reflected in the isotopic series obtained from
the second distalmost lamella of the upper third molar represents the final decade

of the elephant’s life.

The specific geometry of enamel formation, which involves the secretion of enamel
increments at an oblique angle in relation to the tooth’s growth axis, and

a
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secondary stage of mineral deposition known as enamel maturation, combined
with the geometry of conventional sampling can effectuate dampening of the
primary isotopic input signal (Green et al., under review; Passey & Cerling, 2002;
Passey, Cerling, et al., 2005; Uno et al., 2020). This obscures an accurate
manifestation of the amplitude of short-term fluctuations in the isotopic data
series. To overcome this limitation, a mathematical correction (inverse modelling)
was employed, which considers the specific parameters of enamel formation and
sampling geometry in conjunction with the measured isotopic ratios, to provide a
better estimation of the primary carbon and oxygen isotopic input signal (Passey,

Cerling, et al., 2005; Uno et al., 2020; Yang et al., 2020).

Intra-tooth variation in carbon stable isotopes was used to investigate changes in
diet, vegetation composition, and plant resource availability. Throughout the
examined timeframe, the MAR-1 elephant subsisted on C3 vegetation. The range of
613C values suggested the persistence of mesic conditions and a habitat composed
of woodland with open grassland areas. Periodic variation in the §3C series was
consistent with seasonal changes in the vegetation ingested by the individual. In
addition to seasonal fluctuations, a quasi-sinusoidal pattern consonant with multi-
annual variation in the §3C values was conspicuous and more prominent than the
intra-annual pattern in both measured and modelled data, suggesting shifting

habitats or dietary habits over the course of several years.

The oxygen isotopic series also demonstrated fluctuating 680 values at regular
intervals, which likely corresponded to climatic seasonality of low to moderate
amplitude based on the range of variation. However, the multi-annual fluctuations
discerned in the carbon isotopic series were not observed here, suggesting that
significant climate changes, which in turn impacted the availability of plant
resources, were unlikely to have been the main control behind the shifts observed
in habitat utilisation and/or the diet of the elephant. This raised a hypothesis of
the potential movement of the individual between areas with different

microhabitats.

Strontium isotope ratios of tooth enamel bioapatite were used to investigate the
movement or ranging patterns of the elephant. In this study, the interpretation of
strontium isotope ratios, typically conducted against a regional strontium isotopic

baseline, was facilitated by a published dataset of bioavailable strontium developed
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specifically for the Peloponnese (Frank et al., 2021). The published data were
further supplemented by strontium isotope ratios measured from Hippopotamus
antiquus dental specimens, which had been recovered within the Megalopolis
Basin, in order to refine the local baseline. The measured 87Sr/86Sr ratios from the
three hippopotami showed good correspondence to the strontium isotopic
composition of the local geology. The intra-tooth 87Sr/86Sr ratios from the MAR-1
elephant appeared relatively consistent and ranged within the expected values of
the local predominant geological outcrops, thereby suggesting a limited-ranging
behaviour within the Megalopolis Basin. No evidence for long-distance mobility
— a response to severe environmental stress and resource decline observed in
both extant and extinct proboscideans (Bai et al., 2022; Bonhof & Pryor, 2022;

Wang et al., 2021)— was identified in our study.

When considered altogether, the results from the intra-tooth carbon, oxygen and
strontium isotopic investigation of the straight-tusked elephant from MAR-1
suggested a scenario of nomadic, irregular mobility between diverse microhabitats
or environmental zones within the Megalopolis Basin. Overall, the decadal-scale
isotopic data indicated that the area experienced moderate but consistent seasonal
fluctuations in climate and plant productivity, which allowed, nonetheless, the
persistence of a diverse ecosystem with heterogeneous foraging resources. The
relative consistency in climatic parameters and the diversity of available foraging
habitats, the latter of which is in agreement with other paleoenvironmental indices
from the site (Butiseaca et al., 2024; Field et al., 2018; Konidaris et al., 2024;
Konidaris et al., 2018; Kyrikou et al., in press; Michailidis et al., 2018), permitted
the continuous inhabitation of the basin by the straight-tusked elephant for the
examined decade and aided the survival of the individual, as well as of other
temperate faunal species and potentially also hominins, during the particularly

severe MIS 12 glacial.

3.3 Study III (Appendix C)

The final contribution to this cumulative dissertation presents the first enamel
intra-tooth isotopic biogeochemical study of the extinct European hippopotamus
(Hippopotamus antiquus). In Study III, carbon and oxygen stable isotope analyses
were conducted on five Hippopotamus dental specimens from the Megalopolis
Basin to investigate their dietary regime, as well as the vegetative, climatic,

and
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hydrological conditions facilitating the presence of the taxon in the area. The
sampled dental elements originated from five archaeo-paleontological localities
discovered within the Marathousa Mb. More specifically, the study included a third
molar from KYP-4 (ca. 700 ka), a lower canine from KYP-3 (ca. 650 ka, MIS 16),
an upper first incisor from KYP-T (early Middle Pleistocene), a third molar from
MAR-1 (ca. 430 ka, MIS 12) and an upper canine from MAR-2 (ca. 450 ka, MIS 12)
(Athanassiou et al., in press; Athanassiou et al., 2018; G. Konidaris et al., 2023;
Konidaris et al., 2024) (Figure 6). The different chronostratigraphic origins of each
specimen permitted a diachronic view of the prevailing conditions during the

early— mid-Middle Pleistocene.

A B

Figure 6: Sequentially sampled Hippopotamus antiquus dental specimens from the Middle
Pleistocene stratigraphic sequence of the Megalopolis Basin. A) Upper canine from MAR-2; B)
upper first incisor from KYP-T; C) lower canine from KYP-3; D) upper third molar from MAR-1;
E) upper third molar from KYP-4.

All specimens were sampled sequentially along the tooth growth axis, thus
providing infra-annual and multi-annual isotopic records. The recorded timespan
depends on tooth-specific parameters of growth, enamel formation, and

maturation. Hippopotamus canines and incisors are continuously growing,
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thereby providing longer isotopic records. On the other hand, the formation of
third molars is completed within ~2.5 years (Green et al., 2023), hence capturing a

shorter time interval of the individual’s life history.

The five hippopotami from the Middle Pleistocene sequence of the Megalopolis
Basin demonstrated diets relying purely on C3; vegetation. The range of values
indicated habitats comprising mesic woodland with open grassland areas. The
inter-site comparison of the carbon isotopic composition suggested more dense
canopy cover and/or humid environments for individuals recovered from the early
Middle Pleistocene sequence of the Kyparissia mine (KYP-4, KYP-3, and KYP-T)
compared to those found within the mid-Middle Pleistocene sequence of the
Marathousa mine (MAR-1, MAR-2). This pattern was consistent with broader
environmental trends in the northern peri-Mediterranean regions, wherein
moister conditions supported the persistence of more forested habitats from ca.
800 ka until ~600 ka (Sanchez Goni et al., 2023; Strani et al., 2019). Thereafter,
the increased intensity of glacial maxima and progressively drier conditions
resulted in more open landscapes and a turnover in vegetation communities,
especially during the MIS 12 glacial period (Strani, 2021; Strani et al., 2019;

Tzedakis et al., 2006; Vera-Polo et al., 2024; Zanazzi et al., 2022).

Individual life history reconstructions of the five specimens revealed variability in
climatic and hydrological conditions in the Megalopolis Basin, as well as dietary
and environmental fluctuations. The carbon and oxygen isotopic series of three
individuals (KYP4-1004, KYP3-46, and MAR-2B-2) correlated significantly,
indicating dietary or habitat shifts in response to changing climatic conditions.
Additionally, a visual examination of the carbon isotope profiles confirmed
fluctuating 63C values in all five individuals, which likely signify seasonally

adaptive diets.

The isotopic record of the MAR-1 hippopotamus molar demonstrated a drier and
more open habitat during the deposition of layer UB2, which post-dates the
archaeological horizon at the site. The habitat reconstruction is in agreement with
the results from the study of plant remains, wood charcoal and phytoliths (Field et
al., 2018), as well as of stable isotopes on leaf waxes (Butiseaca et al., 2024), and
pollen (Kyrikou et al., in press), recording a transition to warmer conditions with

more open vegetation at the upper part of the MAR-1 sequence. However,
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compared to the other studied hippopotami, the §:80 values of MAR-1B-8 were not
indicative of warmer/drier conditions. This discrepancy was attributed to
the potential mixing of meltwater in the hippo pool, as suggested by the analysis of
diatoms and ostracods at MAR-1 (Bludau et al., 2021), thus resulting in more

negative oxygen isotope ratios and an attenuated seasonal signal.

Aside from sub-annual variation in feeding habits, the isotopic profiles of the
Marathousa 2 upper canine (MAR-2B-2) recorded a gradual shift in both carbon
and oxygen isotopic series, which was attributed to multi-annual environmental or
ecological change. The §3C and §'80 series were inversely correlated, hinting
towards either a broad-scale shift in climatic conditions, which in turn impacted
the hydrological regime and the surrounding plant communities, or the relocation
of the individual to a different water pool. More specifically, the distal half of the
canine yielded higher 6180 values and lower amplitude variation in oxygen isotopic
ratios, which could be the result of evaporative enrichment and isotopic mixing of
seasonal signals in a stagnant water body (Pederzani & Britton, 2019). The
proximal half of the profile demonstrated lower §80 values and higher amplitude

variation, which could be consistent with the transition to a smaller water body.

The carbon and oxygen intra-tooth isotope ratios of the KYP3-46 lower canine
recorded a larger amplitude of variation (3%o0 and 4.6%o, respectively), indicating
some degree of instability in preferred food sources or a variable
climatic/hydrological setting during the recorded timespan. The specimen also
exhibited linear dental enamel hypoplasia (DEH) (Figure 7), a dental pathology
associated with physiological or nutritional stress during the time of tooth
formation in large mammals (Barron-Ortiz et al., 2019; Franz-Odendaal et al.,
2003; Goodman, 1991; Guatelli-Steinberg et al., 2012; Kierdorf et al., 2016; Mead,
1999). The serial isotopic profiles demonstrated at least two major ecological shifts,
one of which coincided with an enamel defect. The observed DEH seemingly
overlaps with more negative 680 values and was, therefore, tentatively correlated
to cooler conditions. In addition, it is noteworthy that the KYP-3 individual
exhibited the lowest carbon isotopic ratios in the sample, suggesting it may have

occupied a habitat with more dense canopy cover than the rest of the hippos.
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Figure 7: Enamel defects (linear
DEH, black arrows) on the H.
antiquus lower canine from KYP-3.

Finally, mild DEH in the form of linear grooves was also recorded on the KYPT-
842 incisor, extending through the sampling area in regular intervals. The §:80
series from this specimen demonstrated consistent and continuous low amplitude
variation, characteristic of seasonal fluctuations. Variability in §3C values was,
however, more pronounced and of higher amplitude. The periodicity in carbon and
oxygen isotopic ratios, in combination with the frequency of DEH, suggested

seasonal stress events, which likely coincided with cooler temperatures.

Overall, the intra-tooth stable isotopic analysis of H. antiquus from the Middle
Pleistocene sequence of the Megalopolis Basin provided new insights into the
ecology of the species. The research revealed that climatic shifts conditioned the
feeding strategies and, by extension, habitat utilization of the studied individuals.
In addition, preliminary observations suggest a low tolerance to colder
temperatures for the species. Taken together, these results have broader
implications for the environmental reconstruction of the area, implying complex
environmental dynamics and relatively frequent changes in resource availability,
as well as in hydrological conditions. Nevertheless, no major climatic changes were
identified in the long term, and fluctuations in preferred subsistence resources
were likely compensated by habitat diversity, supporting the species’ survival in

the area even during harsher glacial periods.
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4 Concluding remarks

The three case studies presented in this cumulative dissertation investigated the
ecological attributes of two extinct Middle Pleistocene megaherbivore species from
the Megalopolis Basin, Southern Greece, through isotopic biogeochemistry. The
reconstruction of individual life histories served as a proxy for temporally resolute
inferences on environmental and climatic conditions in the area during glacial (or
stadial) periods, extending through different timescales, from infra-annual to

millennial-scale observations.

The paleoecological reconstruction of the straight-tusked elephant
(Palaeoloxodon antiquus) and the European hippopotamus (Hippopotamus
antiquus) from the Megalopolis Basin demonstrated a higher adaptive capacity for
the former taxon and an increased sensitivity for the latter, in accordance with
previous observations for the species (Fidalgo, Rosas, Bartolini-Lucenti, et al.,
2023). The isotopic data proposed individualistic adaptive responses to shifting
environmental conditions for both species. In the case of the straight-tusked
elephant from Marathousa-1, a seasonally adaptive diet and a pattern of nomadic,
multi-year mobility to facilitate the exploitation of different microhabitats were
inferred (Study II). Nomadic mobility has been commonly attributed to resource
limitations and unpredictability of resource availability in extant animal taxa and
is often associated with patchy, dynamic landscapes (Teitelbaum & Mueller, 2019).
On the other hand, the narrow-ranging Hippopotamus antiquus demonstrated
ecological and physiological responses (Study III). Seasonal and multi-year dietary
or habitat changes were inferred for the five hippopotami individuals too; however,
hydrological variation, such as water level or water temperature fluctuations, likely
played an equally important role in the taxon’s distribution and fitness. The
incidence of mild DEH in two early Middle Pleistocene individuals suggested
periodically stressful conditions for the species in the area. The availability of
preferred terrestrial and aquatic habitats has been identified as a crucial control
for population abundance and structure of the extant common hippopotamus (H.
amphibius) and further influences hippo movement and distribution patterns
(Fritsch et al., 2022; Lewison, 2007; Stears et al., 2019; Stommel et al., 2016),

despite restricted home ranges. The limited strontium isotope data from three H.
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antiquus specimens, that were presented in Study II, corresponded to local values
of the dominant geological units in the Megalopolis Basin but long-term, spatially
resolute mobility patterns of the studied individuals have not yet been extensively
investigated and could provide further information on the adaptive responses of

this extinct taxon.

The aforementioned inferences highlighted the existence of heterogeneous and
dynamic environments in the area, which prompted a high level of adaptability for
its inhabitants and necessitated the ability to exploit a diverse array of resources.
Although the study focused on faunal remains, the findings may also have a bearing
on hominin populations in the area, who likely experienced similar environmental
shifts. The discovery of anthropogenic remains within the detrital layers of the
Megalopolis Basin and, more importantly, their association with some of the
analysed specimens (De Caro et al., 2024; Karkanas et al., in press; Konidaris et
al., 2018; G. E. Konidaris et al., 2023; Tourloukis, Thompson, et al., 2018), implies
either a relatively high adaptive capacity for the local Middle Pleistocene hominin
populations or a broad ecological niche. The investigation of cultural remains from
the Megalopolis Basin is currently underway and could provide important insight
into Middle Pleistocene hominin subsistence strategies, adaptations, and

potential responses to environmental changes.

A mosaic of different microhabitats in the Megalopolis Basin counterweighted the
seasonal or multi-annual changes in climate, which seemingly also affected to some
extent the composition and distribution of plant communities, as well as of aquatic
habitats. Despite glacial conditions, the evidence from the Megalopolis Basin
suggests partial ecosystem resilience with the persistence of diverse C; plant
resources and a lack of severe expressions of environmentally adverse conditions
for temperate taxa, e.g., extreme aridity. This allowed the two megaherbivores to
inhabit the area even during periods with less optimal environmental parameters.
In addition, the broader, millennial-scale comparison of the reconstructed
environmental attributes from the five sites does not show any drastic changes in
vegetation or moisture levels within the timeframe represented by the analyzed
specimens but rather highlights the dominance of mesic conditions and the
endurance of woodland habitats with variable degrees of openness. These findings,

together with the presence of warm-adapted faunal and floral taxa through
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multiple stratigraphic units of the basin (Athanassiou, 2018; Athanassiou et al., in
press; Athanassiou et al., 2018; Field et al., 2018; Konidaris et al., 2022; Konidaris
et al., 2024; Kyrikou et al., in press; Michailidis et al., 2018; Vlachos et al., in press),
have significant implications for better understanding the nature of the area,
hinting towards its definition as a long-term climate refugium, in which the effects

of glaciations and climatic perturbations were mitigated.

The research undertaken here complements the already available
paleoenvironmental data putting forth the Megalopolis Basin as a glacial
microrefugium (Athanassiou, 2018; Athanassiou et al., in press; Athanassiou et al.,
2018; Butiseaca et al., 2024; Field et al., 2018; G. Konidaris et al., 2023; Konidaris
et al., 2022; Konidaris et al., 2024; Kyrikou et al., in press; Michailidis et al., 2018;
Vlachos & Delfino, 2016; Vlachos et al., in press) but also serves as the basis for the
construction of a high-resolution diachronic paleoenvironmental record for the
Middle Pleistocene in Greece. Given the fragmentary nature of such long
sequences, the Megalopolis Basin is a rare case providing fertile ground for further
investigations, with the incorporation of interdisciplinary approaches through
multiple stratigraphic scales. Ultimately, the construction of an isotopic
paleoecological dataset for emblematic taxa, such as the straight-tusked elephant
Palaeoloxodon antiquus and the hippopotamus Hippopotamus antiquus, could
expand spatially to incorporate specimens from other Greek regions, many of
which lack paleoenvironmental records. Such an endeavour would greatly
contribute to explorations of habitat variability and niche separation, as well as to
the definition of the ecological limits of both resident fauna and hominin

populations.
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12.1 INTRODUCTION

Carbon and oxygen stable isotope analysis of
mammalian carbonate bioapatite is, nowadays, a
well-established and widely used approach for past
ecological investigations and paleoenvironmen-
tal reconstructions. Carbon is incorporated into
mammalian tissues through their dietary intake.
In this regard, the ratios of stable carbon isotopes
in the tissues of primary consumers—hereafter
expressed using the delta (0) notation, whetein
OBC=[(PC/"C)sample/ (PC/"*C)standard — 1] X
1000— reflect the isotopic composition of the in-
gested plant matter (DeNiro and Epstein, 1978),
enriched by ~14.1 £ 0.5%0 in tooth enamel cat-
bonate of large herbivores (Cetling and Hartis,

(c)Y®OC)! hitp://dx.doi.org/10.15496/publikation-97670
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1999; Passey et al,, 2005), due to physiological
and metabolic processes. In terrestrial ecosystems,
variation in the isotopic signature of plant carbon
permits a distinction between the two main photo-
synthetic pathways, i.e., C4 and C; (Ehleringer and
Monson, 1993), with the former group consisting
of warm growth season grasses and forbs, which

demonstrate higher average 613C value (~13%o),

and the latter incorporating trees, shrubs, and cool
growth season grasses and sedges with a modern
average 01°C value of ~27%o0 (Bender, 1971; Kohn,
2010). Within plant communities utilizing the Cs
photosynthetic pathway, additional environmen-
tally controlled fractionation occurs, which is gov-
erned by multiple factors, such as degree of canopy

closure, water availability, temperature, irradiance,
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or atmospheric CO; diffusion (van der Merwe and
Medina, 1991; Heaton, 1999; Hofman-Kamiriska
et al., 2018). The interplay of these factors enables
further habitat distinctions within the wide range
of 013C values documented in Cs-dominated eco-
systems, since carbon isotopic ratios of herbivores
feeding under closed canopy conditions, i.e., dense
forests, tend to be lower than for herbivores forag-
ing in open woodlands, open parklands and grass-
lands, or at the top of the canopy (Drucker et al.,
2008; Bocherens and Drucker, 2013).

Oxygen stable isotopic ratios in the skeletal
tissues of large mammals essentially reflect those
of ingested water. Variation in the isotopic compo-
sition of the latter occurs as a result of several geo-
spatial, climatic, and environmental parameters,
for instance degree of continentality, altitudinal
differences, amount of precipitation, temperature,
as well as differences in the hydrological processes

of water bodies (for a detailed overview see Pedet-

zani and Britton (2019). In organisms that acquire
water predominantly from drinking, i.e., obligate
drinkers, oxygen stable isotopes track primarily the
isotopic composition of the local meteoric water
(Kohn and Cetling, 2002). In middle and high
latitudes, the 080O— provided by the equation
[(*O/"O)sample/ (**O/*O)standard — 1] X 1000

—of meteoric water is considered to be mainly
associated with surface temperature and local pre-
cipitation (Fricke and O’Neil, 1996), where higher
0180 values are observed in warmer and drier envi-
ronments but lower values indicate colder or more
humid periods (Bocherens and Drucker, 2013;
Pederzani and Britton, 2019).

Systematic excavations at the Middle Pleisto-
cene open-air site Marathousa 1 (MAR-1) in the
Megalopolis Basin (Peloponnese, Greece) revealed
the partial skeleton of a straight-tusked elephant
(Palaeoloxcodon antignus). The elephant was found
at the base of the find-bearing sedimentary Unit 3

Figure 1: map showing the location of european sites with available stable isotope data for Palaeoloxodon antiquus (made with
natural earth, naturalearthdata.com).
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in Area A and is stratigraphically and spatially asso-
ciated with lithic artefacts, and faunal (ostracods,
molluscs, fishes, amphibians, reptiles, birds, mam-
mals) and floral remains (see Harvati et al., 2018;
Panagopoulou et al., 2018). The archaeological
deposits are dated to ca. 450 ka and are correlat-
ed to the glacial Marine Isotope Stage 12 (Doukas
et al., 2018; Jacobs et al., 2018; Karkanas et al.,
2018; Tourloukis et al., 2018). The elephant skele-
ton belongs to a male individual with an estimated
upper limit of its ontogenetic age between 64—71
years based on the tooth wear of the preserved up-
per third molars, which is also consistent with the
extent of epiphyseal fusion of the skeletal elements
(Konidaris et al., 2018). Additionally, the tapho-
nomic study of the elephant’s remains revealed cut-
marks on some of the skeletal elements, indicating
hominin exploitation of the carcass (Konidaris
et al,, 2018), while the traceological analysis of
stone-tools further confirms that they were used in
butchering activities (Guibert-Cardin et al., 2022).
In this study, we employ stable isotope analysis
on enamel carbonates in order to reconstruct the
average diet, and, subsequently, the preferred forag-
ing habitat of the MAR-1 elephant. Since evidence
of butchering directly associates the specimen with
hominin activity, the resulting paleoenvironmental
data can be used to infer the conditions surround-
ing hominin presence in the Megalopolis Basin.
Because only one individual was available for anal-
ysis, we compared our results with published iso-
topic data for Palaeoloxodon antiquus from other
European Middle Pleistocene localities, namely La
Polledrara di Cecanibbio, Casal de’ Pazzi (Palombo
et al,, 2005), and Poggetti Vecchi (Capalbo, 2018)
in Italy; Neumark-Nord 1 (Grube et al., 2010),
Steinheim an der Murr, and Mauer (Pushkina et
al,, 2014) in Germany (Fig. 1).

12.2 MATERIALS AND METHODS

We sampled the second distalmost lamella of
the right upper third molar. The sample’s surface
was mechanically cleaned with a diamond-tipped
handheld rotary tool to remove cementum and
expose the enamel. Subsequently, the first few mil-
limeters of the enamel layer were also removed to
avoid contamination (Koch et al.,, 1997). Multi-
ple samples were drilled perpendiculatly across the
tooth-growth axis, each yielding approximately 15
mg of enamel powder. Here, we present the av-
erage value obtained by analyzing the individual
samples, to simulate a bulk-sampling strategy for
the sake of comparison with other published re-
cords.

Following the pretreatment protocol described
by Bocherens et al. (1994) and Koch et al. (1997),
1.35 ml of 2.5% sodium hypochlorite (NaOCI)
was added to the sample vials, homogenized with
high-speed vibration, and left to react for 24 hours
to remove organic matter. Subsequently, the sam-
ples were centrifuged at 35000 rounds/minute
for 3 minutes, the solution was removed, and the
contents were rinsed repeatedly with Milli(QQ water.
Next, a 1M Acetic Acid Buffer solution was added
and left to react with the samples for 24 hours, to
remove nonstructural carbonates. After the acetic
acid buffer was extracted, the samples were rinsed
three times with MilliQ H»O and dried at 35°C
for 72 hours. This process produced approximate-
ly 3 mg of purified biogenic apatite, which was
reacted with concentrated orthophosphoric acid
(HsPOy) to release CO». Stable isotope ratios were
then obtained by analyzing the gaseous CO; with
continuous multi-flow isotope ratio mass spec-
trometry (IRMS) at the University of Tubingen.
Two international standards, IAEA-603 (Interna-
tional Atomic Energy Agency) and NBS-18 (Na-
tional Bureau of Standards, now National Institute
of Standards and Technology or NIST), as well as

three in-house standards were used for calibration.
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Results are expressed using the standard 6 nota-
tion:
61')( — (ix/_ix)sallll)le _
(]X/lx)standard

where X is the heavier isotope and X is the lighter
isotope (Bond and Hobson, 2012). Measured ra-
tios refer to 13C / 12CVPDB or 180 / 160\751\10\&7, Wherein
VPDB is Vienna Peedee Belemnite and VSMOW
is Vienna Standard Mean Ocean Water.

12.3 RESULTS AND DISCUSSION

The mean 613C of the structural carbonate from
the enamel of the straight-tusked elephant from
MAR-1 is —11.2 %o (VPDB). The value falls with-
in the expected range for a diet consisting purely
of C; vegetation (—19.5 %0 — —8.0 %o VPDB) after
applying an enrichment factor of 1.5%o (KKoch et
al., 2004; Tipple et al., 2010) to account for the
difference in Pleistocene atmospheric CO> values
relative to present day, due to the effects of fossil
fuel burning. Furthermore, a mesic habitat consist-
ing of open woodland can be deduced, considering
that, in temperate environments, 61°C values of
Pleistocene hetbivores lower than ~—14%o indicate
foraging under closed canopy forests, whereas val-
ues between —14%o and —8%o suggest more open
landscapes (Farquhar et al., 1989; Ehleringer and
Monson, 1993; Bocherens, 2003; Domingo et al.,
2017; Metcalfe, 2021).

Similar results were obtained from the carbon
stable isotope analysis of a Palaeoloxodon antiguus
individual from the Middle Pleistocene site of
Poggetti Vecchi (Italy, MIS 7), which yielded an
average 013C value of —11.05 %0 VPDB (Capalbo,
2018). Additionally, the 6'3C value of the MAR-
1 specimen falls within the range of 63C values
(from —13.7 %o to —=9.9 %o VPDB) obtained for
the straight-tusked elephant population of Casal
de’ Pazzi (Italy, MIS 7; Palombo et al., 2005). In

contrast, results from La Polledrara di Cecanib-
bio (Italy, MIS 9) demonstrated higher 6'3C val-
ues (from —9 %o to —10.9 %0 VPDB) (Palombo
et al., 2005), suggesting that this population was
feeding in a drier environment with more open C;
vegetation compared to the MAR-1 elephant, and
the majority of the specimens from Italy correlated
with MIS 7. The 6'3C values of P. antiquus speci-
mens from three sites in Germany, namely Neu-
mark Nord 1 (MIS 5; Grube et al., 2010), Stein-
heim an der Murr (MIS 11; Pushkina et al., 2014),
and Mauer (MIS 15; Pushkina et al., 2014), ap-
pear to be lower than those of the MAR-1 speci-
men (Fig. 2), suggesting more forested and humid
environments for the German localities.

With respect to oxygen isotope ratios, the av-
erage 6180 value of the enamel bioapatite for the
MAR-1 elephant (+23.5 %0 VSMOW) plots lower
than those of the Italian P. antiguus specimens cot-
related with MIS 7 and MIS 9, with values rang-
ing between +24.8 %o and +27.6 %o VSMOW
(Fig. 2). Higher oxygen isotopic values (+25.5 %o
— +28.0 %0 VSMOW) were also obtained for the
specimens of Neumark-Nord 1 in Germany during
MIS 5. However, in juxtaposition with the results
obtained for the elephants of Steinheim an der
Murr, and Mauer, the MAR-1 elephant demon-
strates a higher 0180 value. This likely indicates
that the interglacial specimens from La Polledrara,
Casal de’ Pazzi, and Poggetti Vecchi in Italy, as well
as those of Neumark-Nord-1, experienced warmer
or more arid climatic conditions compared to the
MAR-1 elephant, whereas cooler or more humid
conditions characterize the environment of the in-
terglacial populations from Steinheim an der Murr
and Mauer in Germany. The influence of conti-
nentality may have also contributed in part to this
pattern, specifically concerning the comparison of
the Mediterranean sites with data from Germa-
ny, wherein values are expected to become more
8O-depleted as distance from the coast increases.

Opverall, the results are compatible with the
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Figure 2: a, mean 5'3c values and B, mean 5'®o values for the straight-tusked elephant (Palaeoloxodon antiquus) of marathousa
1 (mar-1) compared to published Palaeoloxodon isotopic data from other european middle pleistocene localities. warm colours

have been chosen to indicate interglacial conditions and cool tones to signify glacial stages.
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correlation of the archaeological sequence from
MAR-1 with a glacial stage (MIS 12; see also Boni
et al., this volume; Butiseaca et al., this volume;
Kyrikou et al, this volume), reflecting colder
conditions in the eastern European peri-Mediter-
ranean region during glacial stages. Nevertheless,
the carbon and oxygen isotopic composition of the
studied elephant individual suggests that modet-
ately humid conditions likely persisted in the Meg-
alopolis Basin, which, in turn, supported abundant
Cs vegetation cover. This indicates that the effects
of the glaciation in the area were less severe, creat-
ing conditions that provided essential subsistence
resources to both fauna and hominins, therefore

aiding their survival.

CONCLUSIONS

The preliminary results of the stable isotope study
on the Palaeoloxodon antignus from the Middle
Pleistocene of Marathousa 1 highlight the signifi-
cance of the method in obtaining important palae-
oecological insights from an individual organism
with the prospect of addressing broader paleoen-
vironmental concepts. The present study provides
additional support to the hypothesis that the re-
gion acted as a refugium for fauna and hominins
through the palacoecological characterization of
the individual. Future research will focus on the
investigation of intra-tooth isotopic profiles with
the aim to obtain temporally high-resolution pa-
laeoecological data and investigate in greater detail
potential sources of vatiation in the isotopic com-
position of the individual, such as possible seasonal

fluctuations in resource availability.
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Life-history of Palaeoloxodon
antiquus reveals Middle Pleistocene
glacial refugium in the Megalopolis
basin, Greece

Effrosyni Roditi*, Hervé Bocherens®3, George E. Konidaris*3, Athanassios Athanassiou*,
Vangelis Tourloukis®5, Panagiotis Karkanas’, Eleni Panagopoulou* & Katerina Harvati35®

The Balkans are considered a major glacial refugium where flora and fauna survived glacial periods
and repopulated the rest of Europe during interglacials. While it is also thought to have harboured
Pleistocene human populations, evidence linking human activity, paleoenvironmental indicators
and a secure temporal placement to glacial periods is scant. Here, we present the first intra-tooth
multi-isotope analysis for the European straight-tusked elephant Palaeoloxodon antiquus, on an
adult male individual excavated in association with lithic artefacts at the MIS 12 site Marathousa 1
(Megalopolis basin, Greece). The studied find also exhibits anthropogenic modifications, providing
direct evidence of hominin presence. We employed strontium, carbon and oxygen isotope analysis
on enamel bioapatite to investigate its foraging and mobility behaviour, using a sequential sampling
strategy along the tooth growth axis of the third upper molar, to assess ecological changes during
the last decade of life. We found a geographically restricted range, in a C;-dominated open woodland
environment, and relatively stable conditions over the examined timeframe. Our results show that,
despite the severity of the MIS 12 glacial, the Megalopolis basin sustained a mesic habitat, sufficient
plant cover and limited seasonal fluctuations in resource availability, pointing to its role as a glacial
refugium for both fauna and hominins.

The Balkan peninsula is considered to have played a major biogeographic role in Pleistocene Europe, broadly
acting as a glacial refugium for both plant and animal species, as well as a source for the repopulation of higher
latitude regions during interglacial periods (e.g.,'). In recent years, the Megalopolis basin, southern Greece, has
emerged as a potential refugium-within-a-refugium area” (or micro-refugium¢), harbouring favourable environ-
mental conditions, freshwater resources, rich faunal and floral communities, as well as human populations in the
Middle Pleistocene®. Here, we investigate the life history of a straight-tusked elephant (Palaeoloxodon antiquus)
from Marathousa 1 (hereafter MAR-1; Fig. 1; Supplementary Notes 2), a Lower Paleolithic elephant butchering
site dating to the MIS 12 (~478-424 ka BP) glacial®"121% one of the most impactful glacial intervals, which
featured the largest ice volume throughout the Quaternary™-2'. The MIS 12 cold and arid conditions resulted in
vegetational shifts, such as the retraction of temperate forests and expansion of steppe vegetation?* and marked
a turning point for hominin adaptations reflected in their subsequent (MIS 11) demographic expansion and the
dissemination of diverse locally-developed technological innovations (e.g. refs.”>%’). In addition to rich cultural
remains, comprising more than 2000 stone and bone artifacts'®, MAR-1 has yielded a diverse faunal assemblage,
including an elephant partial skeleton (hereafter MAR-1A-5). The MAR-1A-5 preserves anthropogenic cutmarks
and was found associated with lithic artefacts, thus providing a direct link to hominin activity at the site'*".
We combine carbon (*C/”C), oxygen (#0O/"O), and strontium (¥Sr/*Sr) isotope analyses to investigate the

*Paleoanthropology, Institute for Archaeological Sciences, Department of Geosciences, Eberhard Karls University
of TUbingen, Tibingen, Germany. 2Biogeology, Department of Geosciences, Eberhard Karls University of
Tubingen, Tubingen, Germany. 3Senckenberg Centre for Human Evolution and Paleoenvironment, University
of Tubingen, Tubingen, Germany. “Hellenic Ministry of Culture, Ephorate of Paleoanthropology—Speleology,
Athens, Greece. SDepartment of History and Archaeology, School of Philosophy, University of loannina, loannina,
Greece. ®DFG Centre for Advanced Studies ‘Words, Bones, Genes, Tools’, Eberhard Karls University of Tiubingen,
Tubingen, Germany. 7M.H. Wiener Laboratory for Archaeological Science, American School of Classical Studies,
Athens, Greece. ®email: katerina.harvati@ifu.uni-tuebingen.de
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Figure 1. Topographic map of the Megalopolis basin showing the location of the sites: (1) Marathousa 1; (2)
Marathousa 2; (3) Kyparissia 4. Contour interval: 25 m. Digital Elevation Model (DEM) from the Shuttle Radar
Topography Mission (SRTM) version 3'%. The map was created using QGIS version 3.16 (https://www.qgis.org).

foraging and mobility patterns of this individual, and to help reconstruct paleoenvironmental conditions in the
basin during its lifetime.

Straight-tusked elephants (genus Palaeoloxodon) originated in Africa and dispersed to Eurasia towards the end
of the Early Pleistocene®, becoming common in Eurasian Middle-Late Pleistocene assemblages. The European
species, P. antiquus, occupied a broad spectrum of habitats®*2, demonstrating high dietary flexibility and forag-
ing behaviour, ranging from exclusive browsing to grazing, depending on the available resources™?*. Despite its
ecological adaptability, it is generally associated with temperate climatic conditions®. In central Europe, it was
widely distributed during interglacial or interstadial phases, while during glacial stages, its range was mostly
restricted to southern Europe®™. Its occurrence is widely documented in Greece, including the Megalopolis
basin®*¥. In MAR-1 at least two individuals have been discovered during excavation, both preserving evidence
of anthropogenic modifications’.

Proboscideans played an important role in the adaptations and subsistence of Paleolithic hominins'®*-*2 The
geographic distribution and ecological signal of P. antiquus largely overlapped with the ecological preferences of
Middle Pleistocene hominins*. Due to its high fat and meat quantity it likely constituted a crucial component
in their diet®*. Remains of P. antiquus associated with hominin activity either directly (e.g., cut marks, bone
breakages, artefacts made from proboscidean bone) or indirectly (contextual linkage of carcasses with cultural
finds), are common in the Middle Pleistocene record of western Eurasia®. Such associations allow paleoecological
investigations of proboscidean diets and habitats to shed light also on hominin environments and subsistence
(e.g.*>*). Here we show that the MIS 12 individual MAR-1A-5, and, by extension, the hominins that processed
its carcass, lived in relatively stable conditions with sufficient plant cover and limited seasonality.

Results

We sampled sequentially the second distalmost lamella of the MAR-1A-5 upper right M3, representing approxi-
mately the last ten years of the individual’s lifespan, to obtain intra-tooth strontium, carbon and oxygen iso-
topic profiles. This multi-proxy strategy targeted the reconstruction of MAR-1A-5's mobility, diet and habitat,
and paleoclimate, respectively. For the strontium analysis, the baseline relied on published data covering the
Peloponnese?, as well as on fossil Hippopotamus samples from three Middle Pleistocene localities of the Mega-
lopolis basin. No significant correlation was observed between Sr-C or between Sr-O isotopes in the sequential
profile.

Strontium isotopes

Sr/%Sr ratios were relatively homogenous for the majority of the profile (0.70868-0.70887; variability of
0.00019), with the exception of sample 28, taken closest to the cervix (Fig. 2A & SU Table 1; 0.70844 + 0.00003).
This result was likely related to differences in enamel maturation and/or diagenesis. We therefore considered it as
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Figure 2. Enamel intra-tooth strontium isotope ratios (a) and intra-tooth carbon and oxygen stable isotope
results (b) for the Palaeoloxodon antiquus of Marathousa 1. In (a), the gray dashed line represents an outlier.

an outlier and excluded it from further analysis. The remaining ratios approximated the value obtained from the
fossil Hippopotamus antiquus excavated at the same site (MAR-1B-8; 0.70870 + 0.00002). The #Sr/*Sr ratio from
the H. antiquus specimen MAR-2B-2 from the broadly contemporaneous nearby locality Marathousa 2'* was
notably higher (0.70906 + 0.00003), as expected for an individual feeding near the outcrops of the Tripolis geotec-
tonic unit¥; whereas the value obtained from the Kyparissia 4 H. antiquus*® (KYP4A-1004) (0.70838 + 0.00001)
was consistent with the strontium range of the Pindos geotectonic unit¥. These results were in agreement with
the localities’ respective geographic locations (See Supplementary Fig. 1).

Measured carbon and oxygen isotopic values

Measured 6"*C values ranged between -10.4 and -12.1%. VPDB (mean -11.2%0 VPDB) (Full data in Supplemen-
tary Table 1). The amplitude of variation (1.62%o) indicated relatively low intra-tooth variability. Nevertheless,
a quasi-sinusoidal trend was observed both in the intra-tooth profile and in the moving average of 6'*C values.
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This trend was expressed by at least two downward and one upward periods occurring on an inter-annual scale
(Fig. 2B).

Measured 60 values ranged between +22.9%o and + 24.3%, VSMOW (mean + 23.5%0 VSMOW) (Supple-
mentary Table 1). A sinusoidal pattern was also observed in the oxygen isotope time series, with fluctuations
occurring at relatively regular intervals (Fig. 2B). However, their low amplitude of variation (1.42%o), suggested
an attenuated seasonal signal or, alternatively, a lack of seasonal effects in the isotopic composition of the local
meteoric water and, subsequently, in the animal’s body fluids for the measured enamel 60 series.

Modelled carbon and oxygen isotopic values
Sampling geometry and differential enamel formation processes can dampen the amplitude of the primary
dietary and body water signal. We employed inverse modelling to reduce such effects**. This increased the
range of carbon intra-tooth variability to 4%.. The magnitude of variation between two successive wave heights
ranged from 1.4%o to 2.1%., suggesting moderate intensity of sub-annual isotopic change. The moving average
of the modelled carbon profile (28-87 mm from the cervix) showed 5 peaks and 5 troughs. Additionally, a trend
towards more positive 0'*C values was observed in the earlier forming section of the lamella (from the apex until
approximately 56 mm in the profile), with carbon values progressively declining thereafter (Fig. 3A). Hence, the
multi-seasonal pattern was prominent in both measured and modelled carbon enamel data. All carbon values
fell within the expected range for a diet consisting of Cs vegetation (see Methods).

The modelled 6'°0 data showed a larger range of values (+21.6%o — +25.5%0) and more pronounced fluctua-
tions, which appeared relatively regularly at a distance from 28 to 87 mm from the cervix (Fig. 3B). The estimated
amplitude in adjacent wave heights ranged between 1.9 and 3.9%o.

Discussion

The P. antiguus foraging ecology remains relatively poorly understood. Most studies as yet have focused on
dental micro- and mesowear, thus providing information for a specific temporal frame that captures the diet
of the last days/weeks before the death of the individual or the average annual diet, respectively®3*=, Stable
isotope analyses for the species, which offer more long-term foraging inferences, are scarce. Published isotopic
data from six Pleistocene European localities provided a comparative framework for our analysis (see Online
methods and SU Table 2). Compared to P. antiguus from Italy, the MAR-1A-5 average 6™°C value approximates
carbon values from MIS 7 interglacial individuals®***%, indicating a similar mesic/open woodland habitat with
glacial MIS 12 Megalopolis basin. In contrast, the MAR-1A-5 carbon values are lower than those recorded from
MIS 9 interglacial individuals®, suggesting a more densely forested, humid habitat in Megalopolis. Furthermore,
when compared to MIS 5, 11 and 15 interglacial specimens from Germany®%, the MAR-1A-5 carbon values
point to more open / drier conditions. In terms of climate, the MAR-1A-5 mean 6'"®0 value indicates a cooler and
/ or more humid setting than either MIS 7 or MIS 9 at the Italian sites®>*%, but warmer and / or drier conditions
than two Middle Pleistocene interglacial German localities® (Fig. 4; see also SU 4). The inter-site comparison of
the currently available P. antiquus stable isotope data agrees with the correlation of the MAR-1 archaeological
sequence with a glacial stage (MIS 12), reflecting colder conditions in the eastern European peri-Mediterranean
region. Nevertheless, the MAR-1A-5 isotopic composition also indicates the persistence of a moderately humid
setting in the Megalopolis basin, supporting sufficient amounts of Cs vegetation cover.

Carbon isotope variability can be used to infer vegetation shifts and possible seasonality. Our measured
carbon isotope intra-tooth series indicates periodic variability, which is stronger on a multi-annual rather than
a sub-annual temporal scale. The trend persists also in the modelled carbon isotopic composition albeit with an
increase from a low to a moderate magnitude of variation. These fluctuations can be related to environmental
or dietary patterns, as inherent seasonal fluctuations in the isotopic composition of Cs plants, but also variation
between plant parts (i.e., leaves relative to seeds and flowers) can result in differences of 1-3%o in plant 6**C.
The temporal interval of change in the isotopic profile of MAR-1A-5 suggests that, although low to moderate
seasonal effects may have conditioned the isotopic composition of its diet and body water, multi-season habitat
or dietary shifts were equally, if not more, pronounced. Climate variability, for example prolonged changes in
water availability and precipitation lasting several years, is unlikely to underlie the carbon isotope trend, as such
shifts would also manifest in the 6'%0 series but are lacking in our data. The long-term fluctuations in the 6"*C
series may therefore be ascribed to multi-annual ranging mobility between different microhabitats or plant com-
munities with varying canopy cover within the basin, while still using local water-sources with similar oxygen
isotopic composition. In this scenario, the consistency of #Sr/*Sr ratios may reflect the geological homogeneity
of the area or, alternatively, the slow enamel maturation processes, resulting in strontium averaging and thus
hindering the identification of short-scale nomadic events.

The measured enamel 6'*0 profile yielded an attenuated signal, which could be interpreted as low seasonal-
ity in precipitation and temperature. However, such a pattern may also be produced by dampening related to
hydrological processes (i.e., drinking from long-lived resident water bodies, such as lakes®). A recent multi-proxy
study on the water-level history of MAR-1 showed that, at the time of deposition of the MAR-1A-5 elephant
skeleton, seasonal ponds had developed under a mostly dry and cold climate, conditions which persisted over ~10
ka®. We therefore consider signal dampening due to such hydrological processes unlikely. Rather, the observed
low amplitude of variation is in part influenced by the geometry of sampling and differential enamel forma-
tion processes along the tooth growth axis™¢'®2. When inverse modelling was undertaken to minimise these
effects, stronger fluctuations in the oxygen isotope time series were revealed (~ 4%o). Nevertheless, even the
modelled oxygen data are inconsistent with strong seasonal fluctuations in rainfall and temperature in the MIS
12 Megalopolis basin. Even taking the difference between modelled and measured enamel data into account, the
amplitude of seasonal oxygen variation for MAR-1A-5 is still much lower compared to seasonal data obtained
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Figure 3. Inverse model results for 6°C (a) and 60 (b). Bold coloured lines represent the average estimated
input signal from 100 solutions (+ 10) and circles represent measured stable isotope data. In both models
1a=30 mm, In=70 mm, openindx=1, r2(04x)=0.3 mm, and r3(022)=0.5 mm. For (A), r1=0.1%o, £2=0.007,
and the reference vector (RV)=-12.1 to—10.4%o. For (B) r1=0.2%o, £2=0.003, and RV =+22.9 to+24.2%.o.
Data from within 25 mm of the cervix are excluded from the inversion. Boxplots show the comparison between
measured error (E_meas) and predicted error (E_pred) (see ref.*). The climaxes identified in the 60 series,
which coincide with climaxes in 6*C values, likely reflect summer conditions, whereas estimated minima in
%0 and the corresponding 6*C troughs express winter-time conditions over a period of ~5 years (from 28 to
87 mm along the profile).
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Figure 4. Bivariate plot showing 6"*Cs (VPDB) and 6"*Osx (VSMOW) values for Palaeoloxodon antiquus in
European Middle Pleistocene localities. For details of the studied localities and the data used for the inter-site
comparison see Methods and Supplementary Table 2. Convex hulls are used as visual representations of the
range of isotopic values between different sites and have no statistical meaning.

from North American mammoths and mastodons (intra-tooth variation of 6-11%0)®*, further supporting
moderate seasonality for MIS 12 Marathousa 1.

Strontium isotopes are used to infer animal mobility patterns. Both the MAR-1A-5 strontium ratios and
those of the three Middle Pleistocene Hippopotamus specimens analysed fall within the range of published
environmental strontium values of the Tripolis and Pindos geotectonic units?, the local predominant geologi-
cal outcrops. The relative consistency of the MAR-1A-5 strontium ratios indicates that the Marathousa elephant
likely maintained strong site fidelity (i.e., a tendency to occupy the same area over a larger time frame®) during
the decade represented by our samples, staying within the Megalopolis catchment.

In summary, our multi-isotope incremental approach indicates that MAR-1A-5 maintained a limited home
range and did not exhibit large-distance mobility. It likely responded to differential seasonal food availability by
consuming relatively more grasses during the wet season and relatively more woody, fruity, or leafy vegetation
during drier months. Similar behavioural patterns are observed in African savannah and forest elephants (Loxo-

donta africana, Loxodonta cyclotis)*" and Asian elephants (Elephas maximus)””2. The isotopic data also show
that seasonal effects, both in climatic variables and in plant productivity, were moderate, therefore ensuring essen-
tial forage within the Megalopolis catchment throughout the year over the examined time frame. Therefore, a sce-
nario of nomadic mobility, i.e., irregular inter- or intra-annual movement patterns within the Megalopolis basin,
is most likely for MAR-1A-5. Such a hypothesised pattern of long-term recursion —the return to a previously
utilised foraging patch after a long time — has been observed in Asian™ and African elephants”. This behavior
is attributed to vegetation regeneration and resource replenishing of previously overutilized patches, highlight-
ing the strong influence of spatial memory of available resources in the movement decisions of elephants”%,
Although extant proboscideans have also been reported to travel over long distances (>500 km), such long
ranging behaviour is associated with severe environmental stress and habitat degradation”*. The lack of long-
distance ranging in our data, therefore, further points to environmental stability over the time period sampled.

The locality MAR-1 is correlated to MIS 12, considered the coldest Pleistocene glacial episode and coinciding

with the largest expansion of ice cover in northern and eastern Europe. In Greece, it resulted in the formation
of large ice fields on Mount Tymphi and the northern slopes of Mount Smolikas, as well as on Mount Chelmos
in the Peloponnese®'®2. Pollen records from Tenaghi Philippon (north-east Greece)* and Lake Ohrid (North
Macedonia-Albania)® show that arboreal pollen reached its absolute minimum during the MIS 12 glacial maxi-
mum. This indicates extreme contraction of tree populations even in southern areas of the Balkans, considered

a principal glacial refugium of Europe. Nevertheless, the prevalent climatic and environmental conditions of

the Megalopolis basin remained suitable for the habitation of P. antiquus, a species commonly associated with
temperate climates, forests, and warmer conditions. The continuous presence of P. antiquus through multiple
periods in the Megalopolis basin (1**%, ongoing studies) highlights the resilience and adaptability of the species,
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which survived under diverse climatic conditions and occupied a broad range of habitats, including woodland
and open grassland.

Multiple proxies have been employed to reconstruct the paleoenvironmental conditions of the archaeological
layers at MAR-1. Phytoliths, diatoms and plant macrofossils demonstrated that the surrounding vegetation was
diverse, suggesting still water conditions and a depositional context near a marginal reed swamp. The occur-
rence of plant taxa such as Palmae, Acer, Quercus, Ulmus, Salvinia natans, stratigraphically associated with
MAR-1A-5, indicates a temperate climate at the time of the elephant’s death, with mixed habitat components of
dry and damp woodland, reed swamp, open damp ground, and open water®. The vertebrates recorded at the site
comprise terrestrial (e.g., Macaca, Bison, Cervus, Dama, Canis) and semi-aquatic mammals (e.g., Castor, Hip-
popotamus, Lutra)'®® and freshwater birds (e.g., Anas)®. It is indicative of a landscape with substantial woodland
components as well as more open areas and the existence of a permanent freshwater body with mean summer
temperatures reaching 10-15 °C (approximately 11 °C colder than present-day summer temperatures) in the
Megalopolis basin®!’. These paleoenvironmental interpretations are consistent with a Cs-dominated ecosystem
consisting of Cs woodland/open grassland under mesic conditions and low to moderate seasonality indicated
by our isotopic analysis.

The effects of the MIS 12 glaciation in the Megalopolis area therefore appear relatively mild, maintaining
conditions that allowed the persistence of a diverse temperate fauna and flora, including elephants, monkeys,
hippopotami and deer, some of them exploited by Middle Pleistocene hominins'®!*. Additionally, habitat hetero-
geneity and moderate seasonality, as indicated by the composition of the floral and faunal indices and the present
isotope analysis, provided diverse foraging options to mammalian species, including hominins, facilitating the
persistence of organisms with different ecological and dietary requirements.

Conclusions

Our study of the MAR-1A-5 Palaeoloxodon antiquus from the MAR-1 Lower Paleolithic elephant butchering
site (Megalopolis basin, southern Greece) provides the first intra-tooth multi-isotope analysis of the European
straight-tusked elephant. It is also the first stable isotope study of this species from a peri-Mediterranean glacial
context, shedding new light on the foraging ecology and habitat of both this emblematic megaherbivore and
the hominins exploiting it. The decadal and sub-annual scale inferences provided by our detailed life history
reconstruction of MAR-1A-5 add new high-resolution detail to the paleoenvironmental reconstruction of the
Megalopolis basin during MIS 12, one of the most impactful glacial periods in Europe. Our results strongly sup-
port the hypothesised role of the Megalopolis basin as a ‘refugium-within-a-refugium’’, a distinct refugial area
within the major Balkan glacial refugium, where not only a diverse temperate fauna and flora, but also hominins,
persisted even during the harshest glacial periods of the Middle Pleistocene.

Methods

Sampling and proboscidean enamel formation

Enamel samples were obtained from the second distalmost lamella of the fragmented upper right third molar
(M3). The molars of adult elephants are formed over a timespan of approximately 10-12 years. Plate formation
is sequential and proceeds on a mesial-distal direction®”, wherein the resulting effect is the development of more
pronounced dental wear in the mesial part of the tooth compared to the distal one. Hence, sequential sampling
of the distal lamellae is intended to provide a longer isotopic record.

Stable isotope ratios for chemical elements incorporated in tooth enamel matrix during enamel formation do
not remodel once mineralization is completed. Therefore, the isotopic composition of incremental samples in
hypsodont teeth, such as elephantid molars, is considered to record annual or sub-annual climatic and dietary
shifts, whose temporal resolution depends on the species-specific enamel secretion and mineralization times, as
well as on the implemented sampling design®*. The vertical extension rate of elephantid molar plates, i.e., in the
occlusal-basal direction, has been estimated to approximately 15-22 mm/year®?'-®. At the same time, amelo-
genesis, the process with which enamel forms, occurs at two stages. The secretory stage involves the incremental
deposition of enamel matrix by ameloblasts, which transpires at a low angle from the enamel-dentine junction
(EDJ) to the outermost surface®'. The second stage involves the prolonged maturation of enamel, during which
enamel crystals become progressively denser. This latter process results in signal attenuation and lower temporal
resolution pertaining to both the timing of enamel maturation, as well as sampling geometry®**, although the
extent of dampening is lately considered smaller than originally predicted*.

Here, we followed an incremental sampling strategy to generate intra-tooth isotopic profiles, wherein several
samples were obtained along the tooth growth axis in 2-3 mm intervals and ~ 20 mg of powdered enamel was
extracted for each sample across the full enamel thickness. Prior to sampling, a section of tooth cementum over
the area of interest was mechanically removed using a handheld rotary tool equipped with a diamond burr to
expose the enamel. In addition, approximately 1 mm of the outer enamel surface was drilled away, to remove
impurities and minimize the risk of sample contamination.

Inverse modelling

In order to minimize signal attenuation and obtain a more reliable representation of the primary isotopic input
signal through the application of conventional sampling, we applied the inverse modelling procedure developed
by Passey et al.* using the code provided by the authors. The model accounts for the contribution of isotopic
signals from adjacent enamel increments that formed during different seasons and, through mathematical inver-
sion, produces an estimated input signal that better reflects the amplitude of variation in the isotopic composi-
tion of diet and drinking water. Model input parameters include measured isotope ratios, sample geometry
(length and depth), and their respective measurement uncertainties (10), as well as parameters related to enamel
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formation, namely the length of apposition (la), length of maturation (Im) and initial mineral content during
enamel deposition (fi). To measure sampling geometry with maximized accuracy, a silicon mould of the entire
sampled profile was sectioned and scanned with a flatbed-scanner. Measurements were obtained using the
software Image]®. With respect to enamel formation parameters, we used values established for the extant
African savannah elephant Loxodonta africana and the extinct Columbian mammoth Mammuthus columbi as
proxies for P. antiquus, where 1m =70 mm, fi = 65% FD, and l. = 30 mm®. Samples obtained within 25 mm from
the cervix were excluded from the modelling procedure, as suggested by Uno et al.%, due to changes in enamel
growth rate and geometry close to the root apex®***. Conventional sampling at intervals of 2-3 mm on molars
of the Elephantinae subfamily followed by the application of inverse modelling is considered sufficient for the
recovery of sub-annual trends™.

Chemical pretreatment and analysis
The acquired samples were chemically treated at the Biogeology laboratory of the University of Tiibingen (Ger-
many). Following the protocol described by Bocherens et al.”; Koch et al.*), the sampled enamel powder was
reacted with 2.5% sodium hypochlorite (NaOCI) for 24 h to remove organic components. After the reaction
time, the vial contents were centrifuged at 3.500 rounds/minute for 3 min, the supernatant was removed, and
the contents were rinsed repeatedly with distilled water. Next, samples were soaked to 1 M acetic acid buffer and
left to react for 24 h, to remove non-structural, diagenetic carbonates. Once the supernatant was removed, the
powder was rinsed repeatedly with Milli-Q H20 and dried at 35° C for 72 h. Around 3 mg of purified biogenic
apatite obtained through this process was reacted with concentrated (99%) orthophosphoric acid (HsPOs) for
4h at70 °C. Carbon and oxygen stable isotope ratios were obtained by analysing the gaseous CO: reaction prod-
ucts using a Multi-Flow-Geo interfaced with the Elementar Iso Prime 100 IRMS. Two international standards,
IAEA-603 (International Atomic Energy Agency; 6"°C = +2.46%o, 0'*0 = -2.37%o, relative to VPDB) and NBS-18
(National Bureau of Standards, now National Institute of Standards and Technology or NIST; §*C = -5.00%o and
0180 = -22.96%, relative to VPDB), as well as three in-house standards (Elephant CRM, Hippo CRM, Laaser
Marmor CRM), were used for calibration. The analytical precision of the measurements is higher than 0.1%.
and 0.2%. for carbon and oxygen respectively, based on multiple isotopic analysis of modern tooth enamel of
elephant and hippopotamus prepared and analysed at the same time as the fossil samples. Carbon and oxygen
stable isotope results are expressed using the standard 6 notation:
X /X

6jX - sample 1
JX/I X standard
where jX is the heavier isotope and iX is the lighter isotope®. Measured ratios refer to *C/"?C VPDB or '*0/'%0
VSMOW, wherein VPDB is Vienna Peedee Belemnite and VSMOW is Vienna Standard Mean Ocean Water.
Information on the isotopic integrity of the samples can be found in Supplementary Notes 3.

We performed strontium isotope analysis on samples already analysed for carbon and oxygen isotope ratios,
allowing for a direct correlation of potential dietary or environmental shifts to changes in ¥Sr/%Sr ratios. We
selected 11 enamel sub-samples based on the adequacy of sample-size and the presence of corresponding peaks
in carbon and oxygen values. Strontium isotope analysis of sampled enamel aliquots was conducted at the
Curt-Engelhorn-Center for Archaeometry gGmbH, Mannheim (Germany). Further processing of 5 mg of pre-
treated powdered enamel, including strontium separation in Teflon columns with Eichrome Sr-spec ion exchange
resin, was carried out under clean-lab conditions following the analytical procedures described in Knipper
et al.'®; Blank et al.””". ¥Sr/%Sr ratios by High-Resolution Multi Collector-ICP-MS (Neptune). The raw data
were corrected according to the exponential mass fractionation law to 8Sr/%Sr = 8.375209. ¥Sr/*Sr data are
reported relative to the NBS 987 standard, which was run along with the samples and yielded #Sr/*Sr ratios of
0.71030 + 0.00001 (n = 7). Blank values during the whole clean lab procedure were less than 50 pg Sr (< 0.1% of
the total Sr sample).

Recent studies have shown that enamel formation-related signal dampening can also influence strontium
incremental samples, which, upon the application of time-resolute sampling or analytical techniques, have the
potential to identify seasonal or even monthly animal mobility patterns!®>®. However, our analytical strategy
prevented the application of inverse modelling to strontium isotopic values.

Our data are correlated to the multi-proxy environmental strontium baseline provided by Frank et al.¥’, which
is specifically developed for the Peloponnese. The authors report that bioavailable strontium values from soil
leachates and plants correspond well with the values of the underlying geological outcrops, whereas the effects
of exogenous mixing inputs, such as precipitation, Saharan dust particles, and sea-spray, play a minimal role in
the strontium isotopic composition of the region. The Pindos zone, which can be found predominantly in the
west and northwest parts of the Megalopolis Basin (Supplementary Notes 1), is characterized by lower average
87Sr/*Sr values (between 0.70805 and 0.70855), while higher strontium values are reported for the Tripolis and
Arna units, encountered mostly in the north, northeast and east parts of the basin (~ 0.7095)* (Supplementary
Notes 1). A single entry from the Megalopolis Basin, collected from Pleistocene clastic sediments of the Pin-
dos geotectonic unit, reports average values of 0.70847 and 0.70835 for plants and soil leachates respectively,
(Frank et al.¥, Supplementary). As a control analysis, we also measured ¥Sr/*Sr ratios in three Hippopotamus
antiquus individuals from fossiliferous localities within the Megalopolis Basin (Roditi et al. in prep.), to comple-
ment the published baseline and define a range of local values for the area. The extant common hippopotamus
(Hippopotamus amphibius) has small home ranges, estimated to between 3 and 23 km?for both resident and
migrant'®. Assuming similar ecological characteristics for its extinct relative (Hippopotamus antiquus), the
samples from the hippopotami are likely to track the strontium signature of the local geology. The first specimen
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originates from the same site (Marathousa 1, Area B; UB2); the second comes from the site of Marathousa 2
(MAR-2)", situated 1.5 km east of MAR-1; the third sampled specimen, an upper third molar, was discovered
at Kyparissia 4 (KYP-4)**%, located at the NW part of the basin on top of a Late Cretaceous limestone outcrop
of the Pindos geotectonic unit (Fig. 1). The strontium values for the hippopotamus (MAR-1B-8) from MAR-1
corresponded closely to the average ¥Sr/*Sr ratios of plants and soil leachates sampled over the limestone of
the Tripolis formation outcrops (Frank et al.*, Supplementary), which can be found to the east, north-east, and
south of the Megalopolis Basin (Supplementary Notes 1 and Fig. 1). More radiogenic values were observed
for the hippopotamus from MAR-2 (MAR-2B-2), corresponding to the Tripolis geotectonic unit. The ¥Sr/%Sr
ratio of the latter specimen could have been further influenced by the surrounding lithology, specifically the
more radiogenic schist outcrops found east of the Megalopolis basin”'®> (Supplementary Fig. 1). Metamorphic
clasts (schist, quartzite etc.) mixed with lacustrine sediments have also been observed in the eastern part of the
basin. Finally, the ¥Sr/*Sr ratio of the Kyparissia 4 individual (KYP4A-1004) was lower and consistent with the
strontium range of the Pindos geotectonic unit.

Principles of stable isotope analysis

Carbon isotopes (5*3C)
The source of carbon atoms in mammals is their dietary intake. In this regard, the ratios of stable carbon isotopes
in the tissues of primary consumers reflect the isotopic composition of the ingested vegetation'®. In terrestrial
ecosystems, the isotopic signature of plant carbon varies between plants that utilize the two main photosynthetic

1[)7

SaSon s G fermons et b TR A g 1 o deP nttomen Betwedn SIHS i Y7, groer ™
age —13%.). On the other hand, modern Cs plants (trees, shrubs, and cool growth season grasses and sedges)
yield 6*C values ranging from —36%o to —22%o (average —27%o)'®'®. Within plant communities utilizing the
Cs photosynthetic pathway, the carbon isotopic composition of vegetation is subjected to additional environ-
mentally controlled fractionation, which is influenced by multiple factors, such as the degree of canopy closure,
water availability, temperature, light intensity, or atmospheric CO: diffusion'®!'%, The interplay of these factors
enables further habitat distinctions within Cs-dominated ecosystems, wherein negative carbon isotope values
(modern 6™C lower than -30%o) are characteristic of a closed canopy forest and higher values (modern 6*C
between —25%o and —22%.) characterize Cs vegetation under conditions with high irradiance, increased aridity
and/or water scarcity™ 12113,

The carbon isotopic signature of bioapatite in large herbivores will record the 6'*C of plants with an enrich-
ment in BC of ~ 14.1 £ 0.5%0 due to biomineralization and metabolic processes*!. Additionally, the effects of
fossil fuel burning have resulted in the isotopic depletion of modern atmospheric CO:z values (-8%o) relative to
the Pleistocene (—6.5%o0)"'¢1, necessitating the application of a correction factor (+ 1.5%o) in fossil herbivore
and plant 6™*C to account for this difference. Upon consideration of the atmospheric COz correction and the
fractionation of diet-enamel bioapatite, the habitats of primary consumers can be categorized into closed canopy
forests (<-14.5%o), woodlands-mesic Cs grasslands (-14.5%o to —9.5%.), open woodlands-xeric Cs grasslands (-
9.5%0 to —6.5%0), mixed Cs-Cs grasslands (-6.5%o to —1.5%o), and pure C4 grassland (> —1.5%0)""®1%°. Overall,
herbivore carbon isotope values become more negative with increasing canopy closure.

Oxygen isotopes (6*20)

Oxygen stable isotopic ratios in the skeletal tissues of medium and large mammals are in equilibrium with the
isotopic composition of body-water. In turn, the 6O of body water is influenced by species physiology and
drinking behaviour. The main fluxes of oxygen compounds into mammals occur either through diet-water (e.g.,
leaf water) or by drinking from open water source. Water-dependent taxa (obligate drinkers), such as elephants,
track primarily the isotopic composition of the local meteoric water'. Variation in the isotopic composition of
the latter is governed by several geospatial, climatic, and environmental parameters, for instance the degree of
continentality, altitudinal differences of water sources, the amount of local precipitation, surface temperature,
as well as differences in the hydrological processes of water bodies (for a detailed overview see Pederzani and
Britton®). In mid- and high-latitudes, the dominant controls of the 6'*O of meteoric water are surface tempera-
ture and local precipitation'. In this context, higher 0'*0 values are observed in herbivores inhabiting warmer
and drier environments and lower values characterize the isotopic composition of animals occupying colder or
more humid habitats®'22,

Seasonal variability in temperature and rainfall, as well as animal migration patterns, can further influence
the 0'*0 of mammalian organisms. Sub-annual climate-related fluctuations are expressed in the 6O sequential
series as a sinusoidally-shaped profile, wherein peaks record the higher temperatures and aridity of summer
months, whereas troughs represent the low temperatures and increased rainfall amount in winter®. Regarding
the influence of animal mobility, non-migrant individuals are expected to display higher intra-tooth 6®O because
the isotopic composition of body water tracks primarily the seasonal effects of temperature and precipitation in
the utilized water source. In contrast, homogenous oxygen intra-individual profiles are expected in seasonally
migrant large herbivores that consume water from different sources along their migration route*>-,

Strontium isotopes (87Sr/%Sr)

Strontium assimilates into the body of mammals primarily from ingested food sources and to a lesser extent from
drinking sources and consumed atmospheric or soil particles. Weathering processes of bedrock materials result
in the release of strontium in soils, groundwater, or surface water sources, which is, subsequently, absorbed by
plants. Within the geosphere, the strontium isotopic composition of the parent material is a factor of bedrock
composition and age. Following the principle of radioactive decay, ¥Rb (Rubidium) decays to #Sr, with a half-life
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of 4.96 x 1010'®. Hence, in general, younger geological units are expected to have lower ¥Sr/*Sr compared to
older ones. Within biological tissues, strontium substitutes calcium (Ca) and, in contrast to carbon and oxygen
isotopes, strontium isotope ratios are not influenced significantly by physical or chemical alterations between
the source and the target tissue (i.e., fractionation)'®. Thus, the primary factor determining strontium composi-
tion within the food chain is the local geological substrate. Strontium in the mineral components of enamel will
reflect the average dietary strontium intake during the time of enamel formation'>.

Published comparative data

Comparative data for the stable isotope analysis for P. antiguus were taken from published works for the fol-
lowing Middle Pleistocene localities of Europe: Mauer (MIS 15, Germany)®, Steinheim an der Murr (MIS 11,
Germany)*®, La Polledrara di Cecanibbio (MIS 9, Italy)®, Casal de’ Pazzi (MIS 7, Italy)***, Poggetti Vecchi
(MIS 7, Italy)¥, and Neumark-Nord 1 (MIS 5, Germany)*. All of the localities document hominin presence,
while La Polledrara, Casal de’ Pazzi, Poggetti Vecchi, and Neumark-Nord 1 additionally preserve direct evi-
dence of Palaeoloxodon exploitation in the form of cut marks, human-made bone fractures and/or proboscidean
bone artefacts (Konidaris and Tourloukis*? and references cited therein; and Gaudzinski-Windheuser et al.** for
Neumark-Nord 1).

Data availability
The isotope dataset generated during this study, as well as additional associated information and figures, are
provided in this published article and the Supplementary Information files.
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1.Supplementary Notes: Geography, geology and climate of the
Megalopolis Basin

The Megalopolis Basin is an intramontane, post-orogenic graben located in the central
part of the Peloponnese, southern Greece. The area has an altitude of 330-450 meters
above sea level (m.a.s.l) and covers a total of 250 km?, with its longer axis extending
approximately 20 km in a NW-SE direction. The Mainalo, Lykaion, and Taygetos
mountain ranges border the basin on the east, west, and south respectively. As regards
its geology, the basin formed during the Late Miocene-Pliocene on the Mesozoic-
Paleogene basement of the Peloponnese, while during the Pleistocene it periodically
hosted a large lakel2. In the north-eastern part of the basin, the Plattenkalk series
(Mani geotectonic unit) crops out, consisting of Permian to Eocene/Lower Oligocene
crystalline carbonates, marbles, and flysch3. Outcrops of Carboniferous-Lower Triassic
metamorphic rocks, phyllites, schists, and quartzites comprise the Phyllite/Quartzite
series (Arna geotectonic unit) and can be found on the south-east and southern extents
of the basin3. The Tripolis geotectonic zone is present in the eastern, north-eastern,
and northern catchment of the graben and consists of the volcano-sedimentary Tyros
beds at its base, followed by Upper Triassic-Upper Eocene limestones and dolomites
and Upper Eocene-Upper Oligocene flysch3*. Upper Cretaceous to Palaeocene flysch
of the Pindos geotectonic zone encompasses the basin in the west and north-west,
whereas Upper Cretaceous limestones of the Pindos zone can be found in the east,
south-east, west, and north-west (Supplementary Figure 1). The Plio-Pleistocene

sedimentary sequence consists of lacustrine, fluvio-lacustrine, and alluvial fan



deposits!>>. Within this sequence, silts, clays, and sands which intercalate cyclically
with lignite seams characterize the Pleistocene lacustrine Marathousa Member
(Choremi Formation)?®. Marathousa 1 is stratigraphically placed in this member.

At present, the Megalopolis region is characterized by a Mediterranean climate
with humid, cool winters and hot, dry summers. Higher temperatures and lower
precipitation are recorded between May and September, whereas the lowest
temperatures are observed in January and the highest amount of rainfall occurs in

December.

2. Supplementary Notes: Marathousa 1

Marathousa 1 (MAR-1) is a Middle Pleistocene open-air site located at the central-
western part of the Megalopolis Basin. The site was discovered in 2013, when stratified
faunal remains and lithic artifacts were identified at an exposed section in the
Marathousa mine, during a targeted field survey conducted by a joint team of the
Ephorate of Palaeoanthropology-Speleology of the Hellenic Ministry of Culture, and
the University of Tiibingen®®. Subsequent systematic excavations between 2013 and
2019 in two areas —Area A and Area B, located approximately 60 meters apart—
revealed a sequence containing micro- and macro-faunal remains!®-13, micro- and macro-
floral remains!4, as well as lithic and bone artifacts'®. The main find-bearing layers
(stratigraphic units UA3c/4 and UB4c/5) are situated between Lignite seams IIb and
I1Ia at an elevation of 350 m.a.s.l. and consist mainly of organic and interclast-rich silty
sands®. They belong to the same depositional event as evidenced by lithostratigraphic

and geochemical data®, spatial taphonomy'®, as well as archaeological and



palaeontological evidence 115, Electron Spin Resonance (ESR)Y, post-infrared Infrared
Stimulated Luminescence!®, magnetostratigraphy'®, and mammal biochronology!? date
the archaeological sequence to ca. 500-400 ka and correlate it to the glacial Marine
Isotope Stage (MIS) 12.

The partial skeleton of the straight-tusked elephant was discovered in Area A,
at the contact between units UA3c and UA4. Several skeletal elements (vertebrae, ribs,
humerus, ulna, femur, tibia, pelvis, carpals, tarsals, metapodials, phalanges) have been
excavated in approximate anatomical association, including the cranium bearing both
upper third molars!®. The skeleton belonged to a male individual at its late adulthood,
with an upper ontogenetic age-limit between 64-71 years, live skeletal height around
3.7 m at the shoulder, and body mass around 9.0 tonnes'!. Traces of anthropogenic
modifications in the form of cut marks were identified on the astragalus and the tibia,
providing direct evidence for the exploitation of the carcass by hominins!!. This is
further confirmed by the spatial and stratigraphic association of the skeleton with lithic
artifacts, some of which preserve use-wear traces indicative of butchering activities!®-20.
Further evidence of elephant butchering (e.g., cut marks, breakages in the form of
peeling) is present also on bones belonging to another elephant individual from Area
B!, while a thick diaphyseal fragment that may also belong to an elephant is

interpreted as a percussor'®.

3. Supplementary Notes: Isotopic signal preservation & integrity

A diaphyseal bone fragment of the MAR-1 (Area A) elephant was initially subjected



to elemental composition analysis (%N and %C yields) and indicated poor collagen
preservation; therefore, the present study focused on carbon, oxygen, and strontium
isotope analyses on tooth enamel, which, unlike bone and dentine, is considered
diagenetically resistant on account of its physical properties, namely its low organic
content (<1%) and high crystallinity and, thus, more likely to preserve unaltered the
primary isotopic signal?'->*. Carbon and oxygen stable isotope values for 28 enamel
sequential samples from the M3 of the P. antiquus individual from MAR-1 are listed in
Supplementary Table 1. To evaluate the fidelity of the isotopic results, we assessed the
carbonate content (%CaCOs) of dentine, cementum, and enamel from the same
molar?1222526_ The range of %COs (from 4.32 to 5.20 wt%) in the enamel structural
carbonates of the straight-tusked elephant falls within the span of CaCOs3 contents of
modern enamel (~3.0-5.5 wt%)?” and close to the range observed in ungulate enamel
bioapatite (4.5-5.1 wt%)?8. Unlike the case of enamel carbonates, the %COs3 of dentine
and cementum are significantly higher (6.99 wt% and 8.74 wt%, respectively),
demonstrating that the biogenic signal of these two tissues has been diagenetically
altered. Additionally, the presence of intra-tooth, periodic variation in 0-values —
likely the result of environmentally induced changes— suggests that the primary
isotopic signal is, at least partially, preserved. Such patterns are expected to become
homogenized if isotopic re-equilibration has occurred?’0. Based on this evidence, we
consider the effects of diagenesis in the stable isotope record of the MAR-1 elephant to

be negligible and did not obscure the biogenic patterns.



4. Supplementary Discussion: Detailed inter-site comparison of
P. antiquus isotopic data

In Italy, a C3-dominated foraging habitat composed of woodland and mesic grassland
has been inferred for a P. antiquus individual found at the Middle Pleistocene site of
Poggetti Vecchi (MIS 7), which yielded a mean §'3C value, close to the one obtained
from the MAR-1 specimen (-11.05 %o VPDB)31. Carbon isotope analysis demonstrated
a wide range of 613C values (from -14.7%o0 to -9.4%. VPDB) for the straight-tusked
elephant population of Casal de” Pazzi during MIS 73233, whereas sampled specimens
from La Polledrara di Cecanibbio (Italy, MIS 9) yielded higher and more constrained
013C values (-9%o to -10.9%0 VPDB)32. These data suggest that the latter population
was feeding in more open C; habitats with water-stress conditions in comparison to the
elephant from MAR-1, as well as to the majority of the specimens from Italy correlated
with MIS 73233, At Neumark-Nord 1, §'3C values for the site’s straight-tusked elephant
population are depleted when compared to the individual from MAR-1, indicating
significant canopy cover during MIS 5%*. Similarly, analysed specimens from Steinheim
an der Murr (MIS 11) and Mauer (MIS 15)%, yielded lower carbon isotope values
compared to those of the MAR-1 specimen, suggesting foraging under increased canopy
closure and/or humid environments for the German localities.

The inter-site comparison of oxygen isotopic values shows that the elephant from
MAR-1 displays lower average 680 compared to most of the Italian P. antiquus
specimens correlated to MIS 7 and MIS 9, whose values range between +22.8 %o and
+27.6 %o (VSMOW). Higher oxygen isotopic values (+25.5 - +28.0%0) were also

obtained for the specimens of Neumark-Nord 1 in Germany during MIS 5. Contrariwise,



the MAR-1 elephant demonstrates a higher 6'80 value compared to the range obtained
for the elephants of Steinheim an der Murr and Mauer in Germany. Overall, the
comparison of the oxygen isotope data suggests that the interglacial specimens from La
Polledrara and Poggetti Vecchi in Italy, as well as the majority of the individuals from
Casal de’ Pazzi likely experienced warmer or more arid climatic conditions compared
to the elephant from MAR-1, whereas cooler or more humid conditions characterize the
environment of the interglacial populations from Steinheim an der Murr and Mauer in
Germany. The unusually higher oxygen isotopic values of the Neumark Nord-1
population in comparison to both MAR-1 and the other German localities are likely
the result of a drier and warmer climate during the Eemian, combined with the effects
of evaporative enrichment in the large lake from which the individuals drank water3+3.
We should note that the effects of continentality could influence the interpretation of
the inter-site 6’80 record between Germany and the peri-Mediterranean sites; however,
comparisons between Italian and Greek sites should not be significantly subjected to

this control.
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Supplementary Figures & Tables

Supplementary Figure 1: Simplified geological map of south-western Peloponnese showing
the location of Marathousa 1. The figure was generated using Adobe lllustrator CC 2017
(https://www.adobe.com/).
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Supplementary Table 1. Main results of the incremental C, O, and Sr isotopic measurements from the right upper third molar of
Palaeoloxodon antiquus, and Sr results from the teeth of Hippopotamus antiquus.

Taxon Specimen Sample 5°C(VPDB) 570 (VSMOW)  “SrfSr o, g:éo3) Dc':t:;','l‘:z:;;“
MAR-1-942-676.1 111 242 0.7087 43 87
MAR-1-942-676.2 115 239 45 84
MAR-1-942-676.3 -12.1 235 0.7088 44 82
MAR-1-942-676.4 115 2338 48 78
MAR-1-942-676.5 -12.0 239 0.7088 45 76
MAR-1-942-676.6 -11.9 236 43 73
MAR-1-942-676.7 115 232 0.7088 44 70
MAR-1-942-676.8 115 234 45 67
MAR-1-942-676.9 113 2338 0.7088 46 64
MAR-1-942-676.10 114 233 45 61
MAR-1-942-676.11 113 232 0.7089 46 58
MAR-1-942-676.12 111 239 47 55
MAR-1-942-676.13 -10.8 233 49 52
MAR-1-942-676.14 -10.8 237 48 49
Palaeoloxodon  \1\c 4 x o MAR-1-942-676.15 -10.8 237 0.7088 47 46
antiquus MAR-1-942-676.16 111 234 47 43
MAR-1-942-676.17 -10.4 234 52 40
MAR-1-942-676.18 -10.9 234 5.1 37
MAR-1-942-676.19 114 229 0.7089 48 34
MAR-1-942-676.20 113 234 48 31
MAR-1-942-676.21 116 236 0.7088 46 28
MAR-1-942-676.22 114 234 45 26
MAR-1-942-676.23 111 236 48 23
MAR-1-942-676.24 -10.8 23.0 52 20
MAR-1-942-676.25 -10.8 2338 52 17
MAR-1-942-676.26 113 23.0 0.7088 49 15
MAR-1-942-676.27 -11.0 236 48 12
MAR-1-942-676.28 -10.5 243 0.7084 5.1 9
MAR-1-942-676.dent 1.9 24.9 7.0
MAR-1-942-676.cem -3.9 24.0 8.7
MAR-1B-8 - 0.7087
H”’é’ﬁﬁc?ﬁi's"“s MAR-2B-2 - 0.7091
KYP4A-1004 - 0.7084




Supplementary table 2: Published SI data on Palaeoloxodon antiquus used for inter-site comparison.

Region Site MIS & '3C (VPDB) 530 (VSMOW) Sampling Reference
-11.9 26.1
-9.9 27.2
-11.3 27.0
-121 259
-11.4 259
-11.3 263 Palombo et al. 2005*
-11.3 26.0
-13.0 26.3
-13.7 27.2
_ 133 27.1
Casal de' Pazzi 7 137 270 Bulk sample
-13.2 239
-13.3 246
-11.5 235
146 24.9 o
147 247 Briatico & Bo1cherens
laly 129 239 2023
-10.9 252
-12.6 22.8
-94 248
-9.0 24.8
-10.2 27.4
-10.9 26.8
-10.8 26.5
-10.3 26.8
Lagﬁiffrf.ir.i oo 18? Zg Bulk sample | Palombo et al. 2005¢
-104 27.0
-10.1 26.8
-9.8 27.0
-10.6 26.8
-10.6 26.7
Poggetti Vecchi 7 111 26.7 Bulk sample Capalbo et al. 2018°
2.2 26.9
112 27.5
-13.1 25.5
17 275
17 27.6
1256 27.0
-14.1 27.9
Neumark Nord-1 5e -13.4 276 Bulk sample Grube et al. 2010°
-12.8 27.9
-13.9 28.0
-12.4 26.8
Germany 123 26.6
-11.9 26.3
-13.3 255
-13.1 25.8
-13.9 21.8
Mauer 15 -124 225 Bulk sample | Pushkina et al. 2014°
-12.4 20.3
-13.2 205
o -13.1 217
Ste'”hﬁ;:'rra” derl g -13.0 211 Bulk sample | Pushkina et al. 20145
-12.9 21.9
-12.6 21.4
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Abstract

This study investigates the ecology of the extinct species Hippopotamus antiquus from the
Middle Pleistocene (ca. 700 to 430 ka) sequence of the Megalopolis Basin, a glacial micro-
refugium for temperate taxa in southern Greece. Using intra-tooth stable carbon (§°C) and
oxygen (6'0) isotope analyses of enamel bioapatite from five Hippopotamus individuals, we
reconstruct past habitat conditions, dietary variability, and hydrological or climatic changes on
an infra-annual, multi-annual, and millennial scale. The isotopic data suggest a broader
aridification trend from MIS 16 to MIS 12. The studied individuals demonstrate seasonally
variable dietary habits and record potential short-term climatic or hydrological shifts, which
likely further impacted habitat or resource availability in the area. The incidence of enamel
hypoplasia on two specimens from the early Middle Pleistocene, which was tentatively
correlated to cooler conditions, shows that the taxon survived in the region even during
stressful, less optimal periods. These findings provide a crucial framework to better understand



32
33

34

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

56
57
58
59
60
61
62

63
64
65
66
67

the ecological niche of the species, as well as the impact of dynamic ecosystems on large
mammal and hominin adaptations in the European Middle Pleistocene.

1.Introduction

The fossil record of the extinct European hippopotamus, Hippopotamus antiquus, attests to its
wide paleogeographical distribution over western Eurasia during the Early and Middle
Pleistocene, with frequent occurrences in the northern peri-Mediterranean regions of Europe
(Athanassiou, 2022; Fidalgo, Rosas, Madurell-Malapeira, et al., 2023) and occasional
expansions to more northern latitudes (e.g. United Kingdom, Germany) (e.g., Kahlke, 2001;
Adams et al., 2022; Athanassiou, 2022). Having an African origin, the species is thought to
have entered Europe in the first part of the Early Pleistocene (~2.1 Ma) (Fidalgo et al., 2021;
Fidalgo, Rosas, Madurell-Malapeira, et al., 2023; lannucci et al., 2023; Martino & Pandolfi,
2022), but a wider geographical extension is only noted from 1.5 my (e.g., Adams et al., 2022;
Konidaris and Kostopoulos, 2024; Madurell-Malapeira et al., 2014; Martinez-Navarro et al.,
2015). Much of the species’ presence in Europe, before its extinction at ca. 450 ka (Martino et
al., 2023; Konidaris et al., 2023), captures the Early/Middle Pleistocene transition (EMPT), a
climatic event that is generally called the “Mid-Pleistocene Revolution” and spanned
approximately between ~1.4 and 0.4 Ma (e.g., Head et al., 2015; Palombo, 2014). The EMPT
was characterized by intense climatic oscillations, an increase in the global ice volume, and a
shift from ~40 ky to 100 ky periodicity between glacial and interglacial periods (Berends et al.,
2021; Clark et al., 2006; Head & Gibbard, 2015), which resulted in the progressive expansion
of open landscapes. These conditions facilitated a biotic reorganization in the second half of
the Early Pleistocene (during the late Villafranchian—Epivillafranchian European Land Mammal
Ages) and the dispersal of hominins in Southwest Europe (e.g., Kahlke et al., 2011; Madurell-
Malapeira et al., 2014; Palombo, 2010, 2014; Zanazzi et al., 2022).

The severity of glacial events and the contrast between glacial and interglacial periods
intensified after 900 ka and persisted until ~0.42 my, around the MIS (Marine Isotope Stage)
12/11 transition. These severe glacial periods characterized by progressively increased
seasonality and aridity (Fidalgo, Rosas, Bartolini-Lucenti, et al., 2023; Joannin et al., 2007;
Palombo, 2014; Strani et al., 2019) are considered to have restricted H. antiquus in South
European peninsular refugia (Fidalgo, Rosas, Madurell-Malapeira, et al., 2023; Konidaris et

al., 2023) with dispersals into northern latitudes occurring during interglacial periods.

Hippopotamus antiquus is a common faunal element in the Megalopolis Basin, central
Peloponnese (Greece), present in multiple stratigraphic layers (including both interglacial and
glacial stages) of the basin that cover the late Early to Middle Pleistocene (Athanassiou, 2022;
Athanassiou et al., 2018; Konidaris et al., 2023; Konidaris et al., 2024; Melentis, 1965).
Growing evidence testifies to the significance of the area as a glacial micro-refugium for
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temperate faunal taxa, such as the straight-tusked elephant Palaeoloxodon antiquus, the
Barbary macaque Macaca sylvanus, the European pond turtle Emys orbicularis and several
temperate-adapted birds (e.g., Konidaris et al., 2022; Konidaris et al., 2024; Konidaris et al.,
2018; Roditi et al., 2024; Vlachos and Delfino, 2016; Michailidis et al., 2018); however, apart
from broader inferences regarding milder and temperate climatic conditions persisting in these
areas, there is a general lack of research in local environmental dynamics and the ecological
adaptations or tolerances of temperate taxa, including H. antiquus, within Middle Pleistocene
microrefugia. Stable isotope investigations of individual mammalian ecologies can be used to
reconstruct mobility, diet, landscapes and infer local past climatic conditions at high-resolution
temporal scales, ranging from a couple of years to several decades (e.g., Balasse, 2002;
Heddell-Stevens et al., 2024; Julien et al., 2012; Kowalik et al., 2018; Roditi et al., 2024; Souron
et al., 2012; Uno et al., 2020; Yang et al., 2024; Zanazzi et al., 2022). A direct contextual
connection between anthropogenic activity and sampled faunal specimens can extend
paleoclimatic and habitat inferences to the reconstruction of the hominin niche and

paleoenvironment.

In this study, we sought to reconstruct long-term environmental and hydrological conditions in
the Megalopolis Basin (Greece), through the ecology of the extinct Hippopotamus antiquus.
We present carbon (*C/'?C) and oxygen ('80/'®0) stable isotope data from five Middle
Pleistocene H. antiquus individuals recovered from different fossiliferous localities within the
basin. Our approach provides ecological and environmental inferences, such as habitat
reconstruction and hydrology, on a multi-annual, decadal, and millennial-scale to reveal the
conditions that facilitated hippopotamus presence and survival in the basin. The
contemporaneity of hominin activity with these individuals, as evidenced by the presence of
cutmarks on hippopotamus remains or their contextual association with lithic artefacts, further

supplements our current knowledge of hominin environments.

2.Materials and geo-chronological background

The Megalopolis Basin is an intramontane, post-orogenic graben located in the central part of
the Peloponnese, southern Greece. The area has an altitude of 330—-450 meters above sea
level (m a.s.l) and covers a total of 250 km?, with its longer axis extending approximately 20
km in an NW-SE direction. The Mainalo, Lykaion, and Taygetos mountain ranges surround
the basin on the east, west, and south, respectively. The basin formed during the Late
Miocene—Pliocene on the Mesozoic—Paleogene basement of the Peloponnese, while during
the Early and Middle Pleistocene, it periodically hosted a large lake. Over the years, numerous
faunal remains have been collected from the area, including hippopotamids (Melentis, 1965),
but few of them have well-constrained stratigraphic provenance. The latest targeted field
surveys conducted by a joint team of the Ephorate of Palaeoanthropology-Speleology of the
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Hellenic Ministry of Culture and the University of Tidbingen (Germany), have led to the
discovery of several new fossil-bearing sites/findspots and the recovery of fossil hippopotamids
from well-defined stratigraphic contexts (Athanassiou et al., 2018; Konidaris et al., 2023;
Konidaris et al., 2024) within the Marathousa Member (Mb) of the Choremi formation. The
lacustrine deposits of the Marathousa Mb are characterized by alternating Lignite seams
(limnic conditions) and detrital beds (limno-telmatic conditions), representing oscillations
between glacials/interglacials in the period between ca. 900-350 ky (Tourloukis, Muttoni et al.
2018; van Vugt et al. 2000). The sampled dental material (Figure 1) originates from five
archaeo-paleontological localities, found within the Megalopolis lignite mines during the latest
excavation and survey campaigns, and is stored in the facilities of the Ephorate of

Paleoanthropology-Speleology.

An upper third molar (M3, MAR-1B-8; Figure 1D) was recovered at the Lower Palaeolithic
open-air site Marathousa 1 (MAR-1) that was systematically excavated between 2013 — 2019.
The site is located at an elevation of ca. 350 meters above sea level (m a.s.l) and consists of
two excavation areas (Areas A and B) located approximately 60 meters apart (Panagopoulou
et al., 2015; Panagopoulou et al., 2018; Thompson et al., 2018). The excavation revealed a
sequence containing rich micro-and macro-faunal remains (Bludau et al., 2021; Boni et al., in
press, Doukas et al., 2018; Konidaris et al., 2024; Konidaris et al., 2018; Michalilidis et al., 2018;
Vlachos et al., in press), micro- and macro-flora (Field et al., 2018), as well as lithic and bone
artifacts (Tourloukis, Thompson, et al., 2018). Evidence of anthropogenic exploitation is further
documented in several bones of large mammals, including elephants, as well as identified from
the use wear study of the lithic artefacts (Konidaris et al., 2018; Guibert-Cardin et al., 2022).
The find-bearing layers are situated between Lignite seams IIb and Illa and belong to the same
depositional event as evidenced by lithostratigraphic, geochemical, spatial, and archaeo-
palaeontological observations (Giusti et al., 2018; Karkanas et al., 2018; Konidaris et al., 2018;
Tourloukis, Thompson, et al., 2018). Radiometric, magnetostratigraphic, and bio-chronological
dating place the archaeological sequence to ca. 430 ka and correlate it to the glacial MIS 12
(Butiseaca et al. 2024, Blackwell et al., 2018; Doukas et al., 2018; Jacobs et al., 2018;
Tourloukis, Muttoni, et al., 2018). The herein studied Hippopotamus upper third molar was
collected together with other dental and postcranial hippopotamus remains during the initial
opening of the site (in Area B) in 2013. During the 2019 field campaign, additional postcranial
elements were excavated in situ within stratigraphic unit UB2b (Karkanas et al., 2018;
Konidaris et al., 2024). The remains of 2019 were found in close spatial and anatomical
proximity, and together with those of 2013, likely belong to a single, skeletally immature
individual (Konidaris et al., 2024).

In 2018, a second open-air locality was discovered in the Marathousa mine. The new site,

named Marathousa 2 (MAR-2), is located ~1.5 km east of MAR-1 and is also stratigraphically
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placed between Lignite seams Ilb and llla. Therefore, it is broadly considered as
contemporaneous to the latter and associated with the MIS 12 glacial period, though it is
positioned closer to the glacial termination than Marathousa 1 (Karkanas et al., in press;
Konidaris et al., 2023). Hippopotamus remains were collected from two areas (Area A and
Area B) within the same depositional event —reflected in stratigraphic units UA6 and UB6—,
which represent the margins of a small and permanent water body. The site yielded several
Hippopotamus antiquus elements, among which an upper canine (hereafter MAR-2B-2, Figure
1A) from Area B, which was sampled for the purposes of this study. Noteworthy is also the
presence of cutmarks on a hippopotamus thoracic vertebra in Area A, as well as the spatial
and stratigraphic association of the remains with a lithic artefact, which establishes the
presence of hominins at the site and the exploitation of a Hippopotamus carcass (Konidaris et
al., 2023).

Specimen KYP3-46, a lower right canine (Figure 1C), was collected from the fossiliferous
locality Kyparissia 3 (KYP-3) within the Kyparissia lignite mine (Athanassiou, 2018;
Athanassiou et al., 2018). KYP-3 is part of the upper clastic unit underlying Lignite Seam Il and
is located at an elevation of 346 m.a.s.l. (Athanassiou et al., 2018; Karkanas et al., in press).
The stratigraphic model by Tourloukis, Muttoni, et al. (2018), in combination with bio-
chronological evidence from the recent study of micromammals (Konidaris et al., 2024),
suggests a tentative attribution to MIS 16. During the recent re-investigation of the site within
the framework of the MegaPal project (2018-2022) lithic artefacts were discovered in direct
association with cervid, suid, elephant and hippopotamus remains indicating the presence of

hominins at the site (Karkanas et al., in press; Konidaris et al., 2024).

A cranial fragment with the left maxilla preserving the P4-M3 row (KYP4A-1004, Figure 1E)
(Athanassiou et al., in press) was found recently at Kyparissia 4 (KYP-4). The site is placed
close to the top of Lignite Seam | (~ 330 masl) and is, therefore, located stratigraphically lower
than KYP-3 (Athanassiou et al., in press; Athanassiou et al., 2018; Karkanas et al., in press).
In addition to its stratigraphic position, recent bio-chronological data further suggest an early
Middle Pleistocene age, post-dating 780 ka and pre-dating MIS 16 (van Kolfschoten et al., in
press; Konidaris et al., 2024). The large mammal fauna is rich including beaver (Castor fiber),
macaque (Macaca sylvanus), elephant (Palaeoloxodon antiquus), hippopotamus (H.
antiquus), giant deer (Praemegaceros verticornis), red deer (Cervus elaphus), fallow deer
(Dama sp.), bison (Bison sp.), wild boar (Sus scrofa), horse (Equus spp.), rhinoceros
(Stephanorhinus cf. hemitoechus), found together with a small assemblage of stone tools,
mainly small-sized debitage products and few retouched pieces, making KYP-4 the oldest
stratified archaeological site in Greece (Athanassiou et al., in press; Karkanas et al., in press;
Konidaris et al., 2024).
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The KYPT-842 upper incisor (11, Figure 1B) was discovered in 2012 at the KYP-T site, which
is located within the Kyparissia lignite mine close to the western margin of Megalopolis Basin
(Athanassiou et al., 2018). The site was originally placed on the top of Lignite Seam I, based
on the thin limestone layer overlying the lignite (Athanassiou et al., 2018); however, recent
stratigraphic investigations of the Kyparissia sequence revealed that KYP-T lies at the same
altitude as KYP-4 and is more likely to be positioned close to the top of Lignite seam |, thus,
stratigraphically lower than previously considered (Karkanas et al., in press; Konidaris et al.,
2024)

3.Methods

3.1 Sampling, pre-treatment and analysis

All specimens were sampled at the facilities of the Ephorate of Paleoanthropology-Speleology.
The obtained enamel samples were chemically prepared at the Biogeology Laboratory of the
University of Tibingen. The surface of each tooth was superficially abraded with a handheld
rotary tool to remove cementum or adhering matrix, as well as the outermost few millimeters
of enamel. All teeth were sequentially sampled by conventional drilling using a handheld rotary
drill with a diamond-coated tip, to examine intra-tooth variations in carbon and oxygen isotopic
profiles. Samples were obtained in 2-3 mm intervals to achieve the highest possible resolution.
Canines were sampled near the enamel-dentine arch following Souron et al. (2012). Sample
distance for hippopotamus tusks was measured along the inner curve following the enamel-
dentine arch, from the open pulp cavity to the distal end. Molars were sampled perpendicularly
to the growth axis of the tooth, from the enamel root junction to the occlusal surface. Special
attention was given to avoid cracks or impurities in the enamel that could introduce
diagenesis/contamination. A total of 215 enamel samples (Supplementary Tables 1-5), each

weighing approximately 10 mg, were obtained for analysis.

Treatment of enamel powder follows the protocol described by Bocherens et al. (1994) and
Koch et al. (1997a). Briefly, the sampled enamel powder was reacted in 1.35 ml of 2.5%
sodium hypochlorite (NaOCI) for 24 hours to remove organic content. The vial contents were
then centrifuged at 5000 rounds/minute for 5 minutes, the supernatant was extracted, and the
remaining powder was rinsed repeatedly with MilliQ water. Next, samples were reacted with
1M Acetic Acid Buffer solution for 24 hours to remove non-structural, diagenetic carbonates,
then repeatedly rinsed with MilliQ H-O and dried at 35° C for 72 hours. This process produced
approximately 3 mg of purified biogenic apatite, which was reacted with concentrated
orthophosphoric acid (HsPOs) to release CO,. Stable isotope ratios were obtained by analyzing
the gaseous CO; with continuous multi-flow isotope ratio mass spectrometry (IRMS) at the
University of Tubingen. Two international standards, IAEA-603 (International Atomic Energy
Agency) and NBS-18 (National Bureau of Standards, now National Institute of Standards and
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Technology or NIST), as well as three in-house standards were used for calibration. Results
are expressed using the standard & notation in per mil (%o):
(S]X — _(_.}X@).sample _ 1
(JX/ iX)standard
where X is the heavier isotope and X is the lighter isotope (Bond & Hobson, 2012). Measured

ratios refer to "*C/"2Cypps or '80/"®Ovsmwow, wherein VPDB is Vienna Peedee Belemnite and
VSMOW is Vienna Standard Mean Ocean Water.

3.2 Carbon (6"3°C) and oxygen (6'0) stable isotope analysis of enamel
bioapatite

Carbon isotopes (8'3Capatite) in herbivore enamel reflect the values of consumed vegetation and
are, thus, used to infer the animal’s diet and reconstruct their habitat. However, physiological
and metabolic processes result in isotopic fractionation between diet and enamel carbon
values (Cerling et al., 2021; Cerling & Harris, 1999; Passey, Robinson, et al., 2005). The
isotopic enrichment (€*giet-bioapatite) i Medium- and large-sized mammalian tissues has been
estimated between 12%o. and 14%o. (Lee-Thorp & Van der Merwe, 1991; Passey, Robinson, et
al., 2005), with a standard factor of 14.1+0.5 (Cerling & Harris, 1999) commonly employed in
most isotopic studies. Recently, Tejada-Lara et al. (2018) proposed a dependence of &€ get-
bioapatite {0 Mammalian body mass within hindgut and foregut fermenters. A critical appraisal by
Cerling et al. (2021) demonstrated that digestive function and methane production may,
nonetheless, have a stronger influence on bioapatite-diet '*C enrichment, especially when
distinct digestive strategies —ruminant and non-ruminant foregut fermenters, coprophagus
and non-coprophagus hindgut fermenters— are considered separately. Since hippopotamus
is a non-ruminant foregut fermenter, we opted for a '*C enrichment factor of 12.5 per mil (%o)
following Cerling et al. (2021), to reconstruct 6"*Cgiet from &'*Cpicapatte. However, species-
specific body-mass corrected §'C values using the formula £* = el234+0.05BM)] suggested by
Tejada-Lara et al. (2018) for foregut fermenters and an average body mass (BM) of 2027 kg
estimated for Middle Pleistocene Hippopotamus antiquus in the Megalopolis basin (Konidaris

et al., under review) are provided in the Supplementary Tables.

Differences related to carbon fixation in terrestrial vegetation influence the isotopic composition
of plants and enable a distinction between flora with different photosynthetic pathways (Cs and
C4). The Csphotosynthetic pathway is utilized by most trees, shrubs, and cool-season grasses,
whereas the C4 photosynthetic pathway is more common in warm-season grasses and sedges.
Carbon isotope values of modern C; vegetation range from —36%o to —22%o. (average —27%so),
whereas C4 vegetation values vary between —17%o and —9%. (average —13%o) (Bender, 1971;
Kohn, 2010). Within terrestrial Cs-dominated environments, plants exhibit large &'*C variations,
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which are influenced by a combination of environmental factors including light intensity, water
stress, CO- availability, and temperature (Basu et al., 2021; Farquhar et al., 1989; Hartman &
Danin, 2010; van der Merwe & Medina, 1991). These variations can be used to infer habitat
openness and relative humidity. Modern C; vegetation growing in the understory layer of dense
canopy cover is expected to have §'°C values lower than —30%o (Drucker et al., 2008), whereas
6"3Ccs values in the upper limits of the range indicate water stress conditions in open, xeric

environments (>~—25%o).

In aquatic ecosystems, freshwater primary producers have large 6'*C ranges (—47%o to —8%o)
(Chappuis et al., 2017; Clementz et al., 2008; Finlay & Kendall, 2007; Osmond et al., 1981).
Carbon isotope variability of aquatic vegetation is strongly related to the source of carbon
(CO20r HCO3—) for photosynthesis, seasonal variations in hydrology, temperature or
irradiance, as well as dissolved inorganic carbon (DIC) concentrations and water pH (Chappuis
et al., 2017; Finlay & Kendall, 2007; Liu et al., 2020). Overall, Cs emergent aquatic
macrophytes and algae, that use CO; for photosynthesis, have lower §'*C values (~—27%o),
largely overlapping with those of Cs terrestrial communities, whereas submerged Csz plants,
which utilize inorganic carbon and HCOs;, often demonstrate higher carbon isotope ratios
(Chappuis et al., 2017; Cloern et al., 2002; Liu et al., 2020). Nonetheless, due to the large
overlap of values, an isotopic distinction between aquatic and terrestrial vegetation remains
difficult.

The environmentally driven isotopic variation in plant §'*C can be used to examine animal
“ecological partitioning”. By extension, herbivore foraging habitats can be divided into closed
canopy forest, woodland-mesic Cs grassland, open woodland/xeric Cs grassland, C3-Cs
grassland, and pure C4 grassland (Domingo et al., 2013). To define end-member carbon
isotope values of Pleistocene C3 and C4 vegetation (6'*C+7s0) modern plant §'C values were
adjusted to account for the ~1.5%o "3C depletion in pCO, due to the effects of fossil fuel burning
(Tipple et al., 2010). Upon accounting for the diet-enamel fractionation, hippopotamus habitat
endmembers are defined as follows: closed canopy forest (<—15.4%o), woodland-mesic Cs
grassland (-15.4 to —10.1%o0), open woodland-xeric grassland (—10.1%c to —7.3%0), C3-C4
grassland (—7.3%o to —2.2%o), and pure C4 grassland (-2.2%o to +5.9%o).

Stable oxygen isotope analysis of enamel bioapatite is widely employed as a paleoclimatic
proxy. The oxygen isotopic composition of enamel carbonates is in equilibrium with the 580
of body water, offset by a constant temperature-dependent fractionation in homeothermic
mammals. The §"Opoay water is, in turn, controlled by the animal’s physiology, drinking behavior,
diet, as well as climate (Bocherens et al., 1996; Bryant & Froelich, 1995; Longinelli, 1984;
Pederzani & Britton, 2019). The 6'®0enamei cOmposition of water-dependent, semi-aquatic
hippopotamids is considered to closely reflect the hydrological chemistry of local water bodies
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(6"®Osurface water) in Which they live in (Clementz et al., 2008; Clementz & Koch, 2001; Levin et
al., 2006), largely owning to their physiological adaptation for rapid body water turnover through

increased urine and fecal water loss.

The 6'0 of meteoric water is conditioned by external influences, such as the degree of
continentality, altitudinal differences of water sources, the amount of local precipitation, surface
temperature, as well as differences in the hydrological processes of water bodies (Pederzani
and Britton 2019). At middle and high latitudes, the oxygen isotopic composition of surface
water is primarily influenced by precipitation and the atmospheric temperature. Seasonal
isotopic variations recorded in local 'O of meteoric water in these contexts are ascribed
mostly to the temperature effect (Pederzani & Britton, 2019). In this context, higher 'O values
in herbivore enamel are found in individuals inhabiting warmer and/or drier environments,
whereas lower §'0 values characterize the isotopic composition of animals occupying colder
and/or more humid habitats (Bocherens & Drucker, 2013; Pederzani & Britton, 2019).

Seasonality can be identified in the enamel isotopic composition of herbivores, when an
incremental sampling strategy is employed at the appropriate resolution. Following the
aforementioned principles, temperature- and precipitation-driven sub-annual variation in the
oxygen isotopic values of water bodies and, by extension, herbivore bioapatite, would result in
a sinusoidal pattern with lower 6'80 representing winter (cool/humid season) and higher 580
reflecting summer (warm/arid season) in a Mediterranean context (Wagner et al., 2019). The
amplitude of isotopic variation between peaks and valleys in incremental isotopic profiles is
often used to estimate relative intensity of climatic seasonality. Yet the expression of
environmental seasonality in the isotopic signal of mammalian enamel can be further
influenced by extrinsic factors, such as local hydrology, wherein water mixing in sources with
long residence times or the influx of non-local, isotopically distinct water results in dampening
of seasonal variations in the water reservoir, (Britton, 2020; Pederzani & Britton, 2019), as well
as intrinsic processes, for instance the rate of enamel apposition and the duration of

mineralization (see section 3.4).

3.4 Inter- and intra-tooth isotopic data

Sequential sampling of tooth enamel and the investigation of isotopic shifts in intra-tooth
profiles are used to explore short-term ecological and environmental changes during the time
of tooth formation. However, adequate knowledge of enamel formation and mineralization
patterns is essential for the interpretation of intra-tooth isotopic profiles (Balasse, 2003; Passey
& Cerling, 2002; Passey, Cerling, et al., 2005; Souron et al., 2024; Uno et al., 2020; Zazzo et
al., 2005). Few studies have addressed enamel formation for Hippopotamus amphibius in the
past with a special focus on canines (Passey, Cerling, et al., 2005; Souron et al., 2012; Uno et
al., 2013), while research expanding on molar formation and revision of previously established



319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337

338

339
340
341
342
343
344
345
346
347
348
349

350
351
352
353
354

parameters (Green et al., 2023; Souron et al., 2024) is anticipated to supplement the current
consensus. Molar formation and growth patterns in hippopotamids differ from those of canines
and incisors, the latter having much thinner enamel than molars and longer formation times,
as they are continuously growing. Green et al. (2023) suggest a maximum formation time of
approximately 2.5 years for fossil hippopotamid third molars. Souron et al. (2024) estimate a
molar enamel extension rate (EER) of 70-130um/increment but larger angles of enamel
apposition in comparison to canines, which may result in stronger isotopic averaging when
conventional sampling is employed. For upper canines, Uno et al. provided an average growth
rate of 19.4+3.1 mm/year. Growth rates for lower canines show large variations— from a
minimum estimate of 13-14 mm per year (Passey, Cerling, et al., 2005) to a maximum of
74.7mm/year (Uno et al., 2013)—, possibly due to sexual dimorphism and age-related
differences. Nevertheless, most of the available data point to estimates between 30 and 40
mm/year (Harris et al., 2008; Passey, Cerling, et al., 2005; Souron et al., 2012; Uno et al,,
2013). In addition, an isotopic offset may apply between molars and tusks, similarly to what
has been observed in other taxa (Yang et al., 2020). With these limitations in mind, intra-tooth
isotopic profiles are discussed for each individual tooth separately, within the context of their
respective tooth formation and growth parameters. Potential correlation between §'*C and
6'®0 intra-tooth series was evaluated using Pearson’s correlation coefficient. Analyses and
graphical representations were performed using SPSS and MATLAB.

4 Results

Enamel stable isotope results are summarized in Table 1. Bioapatite carbon isotope values
(6"3Cenamel) Of all five individuals range from —14.2%. to —10.0%0 and indicate a pure C; diet for
Hippopotamus antiquus in the Megalopolis basin. On average, the lowest carbon isotope
values were obtained from KYP3-46 and ranged from —14.2%o to —11.2%. (median —13.6%o).
On the other hand, the highest 5'*C were observed in MAR-1B-8 (—12.8%o to —10.0%o, median
-11.3%0). Overall, specimens from the Kyparissia mine attributed to the early Middle
Pleistocene, displayed lower carbon isotope values compared to samples from Marathousa.
Oxygen isotope values ranged between +21.0%0 and +24.2%. for all individuals combined. The
lowest 580 values were obtained from KYP4A-1004 (+21.1%o to +23.1%., median +21.8%o).
Specimen KYP-T-842 yielded the highest &80 values, ranging from +23.1%o to +24.2%o
(median +23.8%o) (Figure 2).

Two specimens (MAR-2B-2 and KYPT-842) demonstrate regular and continuous sinusoidal
patterns in both carbon and oxygen intra-tooth series (Figure 3B and 3C, respectively). The
MAR-2B-2 intra-tooth isotopic profile provides a long isotopic record with consistent periodicity
and a minimum of 12 peaks and valleys. Intriguingly, the pattern is easier discernible in the
carbon rather than the oxygen intra-tooth profile. The Pearson’s correlation coefficient
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demonstrates an inverse correlation between &'*C and §'®0 for this individual (1(77)=-.39,
p=0.001). Additionally, the amplitude of variation in the 6'80 series of MAR-2B-2 (2.9%o) is the
highest observed in our sample. On the other hand, KYPT-842 shows a weak cyclicity in §'®0
(range 1.1%o) with at least 8 cycles clearly visible in the oxygen isotopic record. Fluctuations
are also visible in the carbon isotope profile (range 2.4%.); however, carbon and oxygen
isotope values are not significantly correlated (r(24)=.11, p=0.63). In contrast to the latter two
specimens, both carbon and oxygen intra-tooth isotopic profiles of the KYP3-46 lower canine
appear more noisy, with less regular fluctuations, making it difficult to distinguish annual cycles.
A 3-point moving average was calculated to aid visualization, and tentatively shows a quasi-
sinusoidal pattern with 6 peaks and at least 5 troughs, which, given the sampling gaps, likely
reflects a minimum record of the cycles represented in this specimen (Figure 3A). The carbon
and oxygen isotopic series were positively correlated (r(77) = .67, p=.01). A sharp apparent
reduction in '3C values is observed at the earlier stages of tooth formation, near the distal end
of the canine, and is most likely the main cause for the large &'*C range (amplitude 3.0%o), the
highest recorded among our samples. Fluctuations are also visible in the intra-tooth isotopic
profiles of the two M3s, namely MAR-1B-8 and KYP4A-1004 (Figure 4A and 4B, respectively).
The carbon isotope intra-tooth profile of MAR-1B-8 demonstrates a relatively sharp increase
in 6-values at the earlier stages of tooth formation, from —12.8%o to —10.2%o, with an apparent
decrease in &'®0 values within the same timeframe. However, carbon and oxygen isotope
series from this individual were not significantly correlated (r (16) =-.32, p=0.22). On the
contrary, a significant positive correlation between §'3C and &'®0 was obtained for KYP4A-
1004 (r (17) = .50, p=0.04).

5.Discussion
5.1 Isotopic signal preservation

Tooth enamel is particularly resistant to diagenetic alterations. Its low organic content (less
than 1%) and high crystallinity enhance the ability of the tissue to preserve unaltered biogenic
isotopic signal, in contrast to the more porous and less crystalline cementum and dentine
(Wang & Cerling, 1994; Zazzo et al., 2004). To monitor diagenesis or sample contamination,
dentine and, wherever available, cementum were also sampled, pretreated and analyzed
together with enamel powder and the carbonate content (%CaCQO:s) of the different tissues was
compared. The carbonate content of enamel bioapatite (n=215) in our dataset ranged from 3.3
to 5.4 wt%, falling within the normal range of modern, non-diagenetically altered enamel (2.3—
5.5 wt%) (Koch et al., 1997b; Rink & Schwarcz, 1995; Sydney-Zax et al., 1991). Diagenetically
altered dentine and cementum are expected to yield higher %COs. The carbonate content of
dentine (n=5) in our samples varied between 5.8 and 8.0 wt%, whereas cementum (n=2) had
carbonate contents between 6.15 and 8.0wt%. Three samples from the KYP3-46 dataset were
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deemed unreliable for interpretation and were excluded from the study. One sample (KYP-3-
46-27) yielded unusually low carbonate content and also demonstrated abnormal stable
isotopic values deviating from the expected sinusoidal pattern, whereas two samples near the
distal end (KYP-46b & KYP-3-46¢) had slightly higher carbonate contents and stable isotopic
values approximating those of dentine, indicating they may have been contaminated during
sampling (See supplementary materials). Finally, all five specimens demonstrate intra-tooth
periodicity in &-values, reflecting environmentally induced variation, which, in case of
diagenesis and isotopic re-equilibration, is expected to become homogenized. Considering the

aforementioned, reliable biological origin of the measured isotopic signal can be inferred.

Sequential sampling of individual specimens can yield several months to years of isotopic data,
that reflect ecological and environmental shifts during the time of enamel formation and
mineralization. On a local scale, the amplitude of short-term variations in isotopic data series
is usually interpreted as a reflection of the degree of seasonality and environmental instability.
However, we note that the data discussed here are unlikely to accurately represent the
amplitude of seasonal environmental variation. Attenuation occurs due to enamel maturation,
mineralization, and physiological processes (Kohn, 1996; Passey & Cerling, 2002; Uno et al.,
2020; Zazzo et al., 2005). In general, conventional sampling of tooth enamel in ever-growing
and hypsodont teeth incorporates enamel increments formed during different seasons within
one sample, resulting in isotopic averaging. A mathematical correction of isotopic attenuation
using inverse modelling has been previously employed to obtain estimates of the primary
isotopic signal from Hippopotamus canines (Harris et al., 2008; Passey, Cerling, et al., 2005).
However, recent evidence suggests higher complexity in canine growth and enamel extension
rates for H. amphibius (Souron et al., 2024), leading to difficulties in obtaining a reliable
estimation of the primary input signal through this technique. Therefore, in this study, we
refrained from the application of such techniques to correct for isotopic averaging, until the
parameters of hippopotamid enamel formation and mineralization are further refined. Despite
that, studies have shown that sequential enamel sampling of hippopotamus teeth can be a

reliable proxy for ecological and climatic changes, albeit qualitatively rather than quantitatively.

5.2 Marathousa 1

Median carbon isotope values closer to the cut-off §'*C+7s0 between woodland/mesic grassland
and open woodland/xeric grassland conditions suggest that the MAR-1B-8 individual partly
foraged in a drier and more open habitat in comparison to the other sampled Hippopotamus
individuals. Warmer and drier, more sparsely vegetated conditions at Marathousa 1 during the
deposition of stratigraphic unit UB2 have also been inferred by the abundance of Chloridoids,
short grasses growing in open and warm grasslands (Field et al., 2018), as well as from the
stable isotopic study of leaf waxes(Butiseaca et al., 2024) and the study of pollen (Kyrikou et
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al., in press). Despite yielding the highest '*C values in our sample, the MAR-1B-8 molar
exhibited intermediate oxygen isotopic values, close to those of the broadly contemporaneous
MAR-2B-2. A multi-proxy shoreline level reconstruction suggested that hydrological conditions
in Unit UB2b, where the MAR-1 hippopotamus molar was deposited, were shifting from the
presence of seasonal ponds to a “swamp-like environment reflecting permanent stagnatic
anoxic water body” and overall drier climatic conditions (Bludau et al., 2021). This would be
consistent with the more positive carbon isotope values observed in this individual, reflecting
a drier landscape with more open vegetation. The absence of particularly high 680 values
from this tooth, that would suggest significantly warmer or drier climatic conditions compared
to the other sites, especially Marathousa 2, could be explained by meltwater influx from
surrounding melting glaciers, as hypothesized by Bludau et al. (2021). Meltwater influx would
result in the transport of isotopically depleted water, leading to a depletion in the 5'0 of the
source water. Additional support to these conditions stems from the sedimentological study
revealing a very shallow lake environment with the contribution of high energy fluviatile flows,
possibly associated with the gradual transition from glacial to interglacial conditions (Karkanas
et al., 2018). The comparatively low magnitude of variation in 5'80 (1.8%o) could also be related
to isotopic mixing of non-local water or meltwater within the water pool, or to significant isotopic
averaging due to enamel formation and maturation in comparison to the two sampled canines
and the incisor. Either way, the carbon isotope profile exhibits considerably greater variability,
which could indicate that this individual foraged on different plant resources or different
microhabitats during the time of tooth formation. These observations favor a scenario of
masked hydrological variability in conjunction with environmental heterogeneity.

5.3 Marathousa 2

The significant correlation of the '3C and 680 data from the MAR-2B-2 upper canine, as well
as the relatively regular fluctuation in the carbon isotope profile could indicate a seasonally
adaptive diet, if we consider an average growth rate of ~15-20 mm/year (Fidalgo, Rosas,
Bartolini-Lucenti, et al., 2023; Uno et al., 2013). Three scenarios could explain the inverse
correlation between §'3C and &'80 in this individual’s intra-tooth profiles:

a) A seasonal feeding strategy with the incorporation of different plant tissues between
seasons. New plant growth in Cs vascular plants has higher 6°C values than mature
plant parts (Vogado et al., 2020; Wang et al., 2017; Werth et al., 2015). The possible
incorporation of Cs grasses with a winter/spring growth season would result in the
consumption of new plant growth with higher §'*C during the cooler months. On the
other hand, if new growth was limited during the summer, the MAR-2B-2 hippopotamus
would continue to feed on mature and dried-out plant matter available in its

surroundings, thus resulting in lower &'C.
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b) A seasonal contribution of high-altitude water or snow meltwater runoff into the basin’s
water reservoirs, which could result in lower '8Oyater during spring/summer and higher
water 6'80 values in fall/winter (Rank et al., 2018; Rodhe, 1998). Such effects are more
likely to be observed in smaller water bodies, as inferred for MAR-2 (Konidaris et al.,
2023; Papadopoulou et al., in press; Boni et al., in press), which are not significantly
impacted by isotopic mixing of seasonal signals.

c) The inverse correlation is not driven by sub-annual trends but by a supra-annual pattern
with increased &'®0 corresponding to decreased §'*C during the earlier tooth forming
phase and a shift to the opposite trend from the middle of the profile (at ~160 mm) to
the proximal end. An abrupt increase in 80 coinciding with a sharp decrease in §°C
is seen at the proximal end of the canine.

Seasonal fluctuations are certainly visible in the carbon isotope profile, especially during the
earlier phase of tooth formation; however, a visual examination of the correspondence
between peaks and troughs in the isotopic series suggests that the third scenario, supporting
a supra-annual ecological change as the main reason behind the inverse correlation, is more
likely. A possible explanation for the shifts observed in both 8°C and 'O values is the
relocation of the MAR-2 hippopotamus to a different micro-habitat and the utilization of an
isotopically different water body. Fluctuations in 'O appear more prominent in the proximal
half of the canine (amplitude 2.5%0) compared to the distal half (amplitude 1.2%.) and could be
consistent with a transition from a deeper, stagnant water body, which was isotopically
averaged due to longer water residence time, to a shallower one that better reflected seasonal
variations. Alternatively, a climate-induced change in the flooding/hydrological regime or
changes in water flow could be responsible for the pattern and could have further influenced
the composition of the plant community and the §'*C values of plants (e.g., Liliedahl et al.,
2020). In addition, long-resident water bodies are subjected to evaporative enrichment
(Pederzani & Britton, 2019), which would further explain the higher 6'0 in the distal half of the
profile. In this interpretive scheme, an alternative explanation for the rising trend in 5'*C could
be the onset of a drought, as plant 5'C values in temperate and Mediterranean systems seem
to correlate positively with rainfall (Hartman & Danin, 2010). Whether this shift is indicative of
a relocation or a gradual climatic transition leading to changes in hydrological conditions, i.e.,
a possible drought-related reduction of water volume, remains to be further investigated.
Preliminary analysis of the malacofauna from the stratigraphic context of MAR-2B-2 (unit UBG),
shows stressful conditions for the freshwater mollusks, further indicating the presence of a
relatively small water body at Marathousa 2 and, possibly, dry conditions (Konidaris et al.,
2023).
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5.4 Kyparissia 3

More densely forested conditions are suggested for the H. antiquus from KYP-3 in comparison
to all other sites based on the lower median 6"*Cenamel. The &'3C isotopic profile suggests two
significant changes in the specimen’s diet —one at the beginning and one at the end of the
profile —, both associated with climatic or hydrological shifts (Figure 3A). The KY3-46 lower
canine also shows enamel defects, attributed to linear enamel hypoplasia (LEH) (Figure 5).
The hypoplastic defects are not particularly severe. The pathology is observed at ~269, 187
and 173 mm from the proximal end, corresponding to samples KYP-3-46r, KYP-3-460, and
KYP-3-46T respectively. At least two more linear defects are visible between 40 and 80 mm
from the proximal end, but no enamel samples were obtained from that area due to
fragmentation near the enamel-dentine arch (Figure 1C). Increased incidence of dental enamel
hypoplasia has been recently identified in several European Early Pleistocene Hippopotamus
antiquus specimens and was correlated to nutritional or environmental stress due to increased
seasonality (Fidalgo, Rosas, Bartolini-Lucenti, et al., 2023). The concurrence of LEH with the
onset of depleting 6'®0 values, which also correspond to lower §C, suggests that climatic
cooling might have been the dominant factor for physiological stress. Considering a growth
rate between 30—40 mm per year for the lower canine, it seems plausible that the isotopic
fluctuations represent annual cycles, with the LEH corresponding to the onset of winter.
Nonetheless, cooler and more humid conditions likely persisted for a significant part of the
KYP-3 hippopotamus’ life, based on both carbon and oxygen isotopic profiles of the lower

canine.

5.5 Kyparissia 4

The low median &'80 of the KYP4A-1004 molar indicates a colder and/or more humid climate
or cooler hydrological conditions at KYP-4 in comparison to both MAR-1 and MAR-2, which
have been associated with the glacial MIS 12, as well as compared to KYP-3 and KYP-T
(Figure 2). Interpretations of the intra-tooth series from this sample to infer differences in the
degree of seasonality are perhaps more meaningful in comparison to the MAR-1 molar,
considering differential enamel growth patterns between molars and tusks. Variability in '®0
was also relatively low for the maijority of this profile, suggesting a similar degree of seasonality
to MAR-1. These results are in agreement with the study of ostracods, pointing to the presence
of cold (<15°C) carbonate springs at the site and a humid climate with stable temperatures
throughout the year (Papadopoulou et al., in press). However, a sharp increase in oxygen
isotope values is noted towards the EDJ and could be indicative of a short-term change in
environmental conditions or habitat use. The large mammal fauna from KYP-4, although
largely similar in composition to MAR-1, includes some taxa with a preference for more open
habitats, such as the extinct giant deer Praemegaceros verticornis, rhinoceroses, and horses
(Athanassiou, 2018; Athanassiou et al., in press; Konidaris et al., under review), which has led



535
536
537
538
539
540
541
542
543

544

545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562

563

564

565
566
567
568
569
570

to hypothesize that slightly more open conditions could have prevailed at KYP-4 in comparison
to MAR-1 (Konidaris et al., under review); however, the H. antiQquus enamel isotopic
composition from the two sites indicates the opposite, at least in comparison to the MAR-1
hippopotamus-bearing stratigraphic unit (UB2b). The presence of woodland and forested
habitats around the KYP-4 water source is also inferred by the presence of mostly forest-
dwelling faunal taxa, such as Vulpes, Ursus, and Macaca (Athanassiou et al. in press;
Konidaris et al., under review). A larger isotopic sample with the inclusion of additional species
from both localities may provide further clarification, as the possibility of niche partitioning

between H. antiquus and the aforementioned taxa cannot be excluded.

5.6 Kyparissia T

Specimen KYPT-842 yielded the highest oxygen isotope values in our sample. The oxygen

isotopic composition of this individual could be consistent with a warmer or drier phase. The

stratigraphic proximity of the KYP-T Hippopotamus skeletal accumulation to a lignite layer
(Athanassiou et al. 2018; Fig. 2), which is considered to represent warmer
(interglacial/interstadial) conditions (Okuda et al., 2002; Siavalas et al., 2009) further
corroborates this observation. The KYPT-842 incisor demonstrated low-amplitude (1.1%o) but
consistent cyclical variations in §'®0, possibly suggesting weaker seasonality in comparison to

the rest of the specimens. Despite a lack of significant correlations between the oxygen and

carbon isotope records of KYPT-842, variability in the §'C values is pronounced and partly

suggests dietary changes in a tentatively stable climatic or hydrological environment. Mild

dental enamel hypoplasia is also present on this specimen, occurring every ~9 mm. In this

case, the enamel defects —in the form of grooves— are more difficult to associate with specific

samples. However, a tentative visual correlation to samples corresponding to 580 troughs

implies sensitivity to lower temperatures, similarly to what was observed for KYP3-46. A
temporal lag in the expression of dietary shifts in enamel bioapatite is possible and could

explain the lack of a significant correlations between 6'®0 and &'C fluctuations, a
phenomenon which has also been observed in other taxa, including suids (Yang et al., 2024)

and horses (de Winter et al., 2016).

5.7 Hippopotamus antiquus ecology in the Megalopolis basin: a case

study in early/mid- Middle Pleistocene resilience

The range of 8"C values in all five hippopotami demonstrates the dominance of a Cs
woodland/mesic grassland foraging habitat throughout the Middle Pleistocene in the
Megalopolis Basin and a diet consisting of terrestrial Cz vegetation or freshwater macrophytes.
Overall, the three individuals from the early Middle Pleistocene sites (KYP-3, 4, KYPT) within
the Kyparissia mine likely foraged in more closed or humid habitats compared to those of the
mid-Middle Pleistocene Hippopotamus (MAR-1, 2) found in the Marathousa mine. Recent
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studies on the broader climatic conditions in the Mediterranean during the early Middle
Pleistocene, and particularly between MIS 19-17, show increased moisture and precipitation,
even during the glacial MIS 18, which supported the maintenance of forested habitats after
800ka (Sanchez Goii et al., 2023; Strani et al., 2019); These conditions are likely reflected in
the isotopic record of the KYP-4 Hippopotamus. In contrast, drier and more open landscapes
are inferred from ~600ka onwards (Strani, 2021; Strani et al., 2019; Zanazzi et al., 2022), as
well as more extreme glacial maxima (Blain et al., 2018) accompanied by a turnover in
vegetation communities (Tzedakis et al., 2006). The MIS 12 glacial, represented in our sample
by the MAR-1 and MAR-2 individuals, although similar to MIS 16 —the latter possibly reflected
in the KYP3-46 record— in ice volume and expansion, was more severe and long-lasting than
both MIS 16 and MIS 18 (Martinez-Dios et al., 2021) and recorded the most extreme tree
population contraction (Tzedakis et al., 2006). Until now, no other enamel isotopic data beyond
our study exists for Hippopotamus antiquus to allow for inter-regional and wider inter-temporal
comparisons beyond the Megalopolis Basin. However, a recent stable isotope study of H.
amphibius from the interglacial layers (MIS 7) of Casal de’ Pazzi in Italy presented bulk oxygen
isotope values largely overlapping with those observed in our dataset (+21.3—23.2%0
VSMOW) but overall lower carbon isotope values (-13.7—15.8%0 VPDB) (Briatico et al., 2023)
than most of the specimens analyzed in this study, with the exception of KYP3-46, suggesting

more open and arid habitats for the Middle Pleistocene H. antiquus in the Megalopolis basin.

The co-varying fluctuations in carbon and oxygen intra-tooth isotope series of the MAR-2-2B
and KYP3-46 tusks, as well as the KYP4A-1004 molar, suggest a correlation between diet and
climate. Seasonal variations in the diet of the extant H. amphibius, with the inclusion of more
C. vegetation during the dry season and more Cs plants during the wet season have been
observed (Scotcher & Breen, 1978; Souron et al., 2012) and attributed to the nutritional value
and palatability of the plants (Scotcher & Breen, 1978). In the Megalopolis Basin, C4 vegetation
is absent (or rare, see Butiseaca et al. in press) during the Middle Pleistocene, which is
consistent with the values obtained by the specimens analyzed in this study and those reported
in Roditi et al. (2024) for the European straight-tusked elephant (Palaeoloxodon antiquus) from
MAR-1. Within this Cs-dominated ecosystem, the regular fluctuations in the 6C diet of
hippopotamus could partly reflect intrinsic seasonal variations in terrestrial plant carbon values,
whose magnitude can reach up to 1-2%o, seasonal contributions of browse, stems, roots or
fruits, which are expected to differ in 6'°C from Cs grasses and herbaceous vegetation
(Metcalfe, 2021), or a combination of both. Alternatively, this pattern could be attributed to the
consumption of freshwater aquatic macrophytes, which are characterized by increased
sensitivity to a combination of parameters, including water pH, dissolved inorganic carbon
(DIC) in the water column, and temperature. Shifting dietary contributions between terrestrial
and aquatic vegetation in extant hippopotamus have been observed during shortages of
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terrestrial forage (Field, 1970; Inman, 2020; Mugangu & Hunter, 1992) but also in relation to
changing flooding regimes and precipitation, wherein during the dry season the aquatic feeding
increased (Inman, 2020). While this hypothesis is difficult to address with the approach
employed in this study due to the overlapping &'°C values of terrestrial and freshwater
vegetation, increased aquatic foraging compared to the extant hippopotamus has already been
proposed for H. antiquus (Palmqvist et al., 2003; Palmquist et al., 2022). Nonetheless, the
persistence of the examined individuals demonstrating increased dietary variability through the
years in the Megalopolis Basin indicates that significant resource diversity accommodated their

survival.

Oxygen isotopes from hippopotamus teeth seem to consistently under-represent
environmental isotopic variation (Chritz, 2015; Green et al., 2023; Lidecke et al., 2022; Souron
et al., 2012; Uno & Bibi, 2022). The dampening of environmentally driven variation in 6"®QOpoqy
water May be partly related to the physiology of the taxon, its thermoregulatory strategies
(Fernandez et al., 2020; Noirard et al., 2008), as well as differential tooth enamel formation
(Passey, Cerling, et al., 2005; Souron et al., 2024). A previous study by Souron et al. (2012)
estimated the magnitude of seasonal signal attenuation between extant hippopotamus canines
and river water to be over 60%. Hence, we caution that the values presented here should be
considered as minimum solutions. Nonetheless, seasonal cyclicity in hippopotamus 6'®Oenamel
has been previously reported (Chritz, 2015; Chritz et al., 2016; Souron et al., 2012; Souron et
al., 2024) and is also recognized in this study.

An increasing body of research reports both physiological and ecological responses of the
extant Hippopotamus amphibious to seasonal cyclicity of climate and resources, as well as
increased sensitivity to larger scale climatic events (Chritz, 2015; Chritz et al., 2016; Souron
et al., 2012; Souron et al., 2024; Uno et al., 2013). Environmental vulnerability likely also
characterized the extinct Hippopotamus antiquus, as revealed by this and other (e.g., Fidalgo,
Rosas, Bartolini-Lucenti, et al., 2023) studies. Temporal changes —sub-annual, annual, or
multi-annual— in water availability and hydrological conditions, such as those manifested in
our dataset, may have had substantial effects in hippopotamus distribution and mortality. The
amphibious lifestyle and its dependency on nearby water-sources restricts the species’ range
for feeding trips, making it more susceptible to nutritional and physiological stress, in
comparison to other taxa that can adapt behaviorally to fluctuating resource availability by
moving to more favorable and productive habitats (e.g., Britton et al., 2009; Heddell-Stevens
et al., 2024; Kowalik et al., 2018; Marin-Leyva et al., 2021). The presence of enamel hypoplasia
on two of the specimens, associated with the onset of lower 5'®0 values, as well as with dietary

changes, is an indication that colder conditions had a profound effect on the species’
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subsistence strategies. In addition to the apparent behavioral influence, physiological
responses to colder and harsher climatic conditions could also explain the smaller dimensions
of H. antiquus from the Megalopolis Basin (Konidaris et al., under review, Mazza & Bertini,
2013). Behavioral changes have been observed in response to lower temperatures also in the
extant H. amphibius (Fernandez et al., 2020; Noirard et al., 2008). In addition, the higher
incidence of LEH in two of the three early Middle Pleistocene individuals, implying physiological
or nutritional stress during the adverse season, conforms to observations from other
Mediterranean regions pointing to dietary diversification of grazing taxa after 900ka, as a

response to increased seasonality (Strani et al., 2019).

This evidence highlights that even within a putative microrefugium such as the Megalopolis
Basin, in which the effects of climate on resource availability are considered to be minimized,
a high degree of adaptability was still necessary to survive in these dynamic habitats, that
frequently underwent changes in plant communities and hydrological regimes. The case of H.
antiquus adaptability in the face of environmental fluctuations in Middle Pleistocene Greece
provides a valuable basis for unraveling hominin adaptations as well. The continuous presence
and persistence of hominin populations in a spatially and temporally heterogenous and
fluctuating environment points to a significant degree of adaptability, which also manifested in
behavioral adaptations and technological innovations (Hardy et al., 2018; Moncel et al., 2018;
Moncel et al., 2020; Ollé et al., 2023; Sanchez-Bandera et al., 2023). The examination of
hominin subsistence and technological aspects from the long stratigraphic sequence of the
Megalopolis Basin within the growing paleoenvironmental record of the region will further our

knowledge of local adaptations.

6.Conclusions

In this study, we employed stable carbon and oxygen isotope analysis on enamel bioapatite of
five H. antiquus specimens from the Megalopolis Basin in Greece and presented the first intra-
tooth isotopic reconstruction for the extinct Hipppotamus antiquus. This technique provided
new ecological insights for this taxon, through the investigation of individual ecologies. Our
results suggest increased dietary variability for H. antiquus, mainly driven by climatic
oscillations. The inter-site comparison of the isotopic data allowed the evaluation of past
environments in the basin from ~700 to 430 ka and revealed fluctuating hydrological conditions
and possible changes in vegetation, especially between the early- and mid-Middle Pleistocene,
including periods during which conditions were likely less favorable for the subsistence of H.
antiquus. Seasonality was observed in continuously growing canines and incisors, which
represent the infra-annual scale more reliably. Additionally, we demonstrated that

environmental sensitivity also characterized the extinct H. antiquus, similarly to what has been
observed in its extant counterpart. Overall, our results promote the existence of dynamic
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environments in the Megalopolis Basin during glacial periods, which nevertheless offered a
diversity of resources to allow for the survival of both resilient (e.g., Palaeoloxodon antiquus,

Roditi et al., 2024; Konidaris et al., 2024) and more vulnerable taxa, like the Hippopotamus.

Nonetheless, the palaeoecological reconstruction of H. antiquus will greatly benefit from the
application of complementary analyses, such as dental microwear (currently underway), and
the construction of an isotopic baseline to aid interpretations of enamel stable isotopes.
Multidisciplinary research, including approaches such as those employed for MAR-1 (e.g.,
shoreline reconstruction, palynological analysis, and plant biomarkers) can prove particularly
useful to set the hydrological and vegetative basis for comparison with mammalian isotopic
data. Methodological progress in the field of stable isotope ecology has been immense and
the possibilities to accurately reconstruct past environmental conditions and extinct species
ecologies have increased. With upcoming studies expected to further decipher enamel
formation and isotopic fractionation of Hippopotamus teeth (Green et al., 2023; Souron et al.,
2024), and the in-progress application of additional techniques, including the preparation of a
baseline for both vegetation and hydrology at the studied sites, the data presented here may
be further refined in the future to reconstruct more precisely the ecological niche of the extinct

H. antiquus in the Megalopolis Basin.
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Figures

Figure 1. Hippopotamus antiquus specimens from the Middle Pleistocene sequence of the
Megalopolis Basin (Greece) sampled sequentially for stable carbon and oxygen isotope
analysis: A) Upper canine (MAR-2B-2); B) upper first incisor (KYPT-842); C) lower canine
(KYP3-46); D) upper third molar (MAR-1B-8); E) upper third molar (KYP4A-1004).




Figure 2. Bivariate plots showing A) median 6"Cenamel (VPDB) and &'®QOenamel (VSMOW) values
and standard deviation and B) datapoint distribution of 8'*Cenamel (VPDB) and 6'®Q0enamel (VSMOW)
values for each sampled Hippopotamus antiquus specimen from the Megalopolis Basin. Dashed

grey line represents the cut-off between C3 woodiand-mesic grassland and Cs open woodland-xeric grassland.

25 r
A MAR-2B-2
r KYP3-46
KYPT-842
24
s ——— MAR-1B-8
g - KYP4-1004
w s
>
£ 23
: °
9 I = {
io
22 v o
—e—
21 I - 1 I ]
-15 -14 -13 -12 -1 -10 -9 -8
&5C, . (%o, VPDB)
4+ MAR-2B-2
25 r |
B | ® KYP3-46
: KYPT-842
all ‘ . 1 | + MAR-1B-8
4 SRS A |
= e ottt N \ A KYP4-1004
o 23 | [] l'... gt " 3’. , | |
E . ’ il o . L Y &
w . S0 “on ol ¢, " * |
> LU B - +
=y . b o'"' ¢ . o 0" ot - |
2 p o, . x
s e 5 + e + r;, ‘ |
T 22 . ' : ‘; N " K + ‘
5 é K C. o . |
:‘9 o \
lo A
21 r Y :
|
|
\ | \ | | |
-15 -14 -13 -12 -1 -10 -9
5°C, . (%o, VPDB)




Figure 3. Intra-tooth isotopic profiles of continuously growing H. antiquus teeth: A) KYP3-46, B)
MAR-2B-2, and C) KYPT-842. Blue circles (top series) correspond to 'O, magenta circles
(bottom series) correspond to 6'3C. The black dashed line represents the calculated 3-point
moving average. The vertical gray dashed line denotes the occurrence of enamel hypoplasia.
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Figure 4. Intra-tooth isotopic profiles of H. antiquus molars: A) MAR-1B-8 and B) KYP4-1004.
Blue circles (top series) correspond to 60, magenta circles (bottom series) correspond to &'*C.
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Figure 5. Detail of the KYP3-46 canine. Black arrows indicate the occurrence of mild Linear Enamel
Hypoplasia (LEH).

TABLES

Table 1. Summary of stable carbon and oxygen isotopic results of Hippopotamus antiquus from the
Megalopolis Basin (Greece).

. 613C (VPDB, %o) 680 (VSMOW, %)
Specimen " - - " . :
Min Max Average Median Amplitude Min Max Average Median Amplitude
KYP-3-46 -14.2 -11.2 -134 -13.6 3.0 19.5 24.0 22.7 22.7 4.6
KYP-T-842 -13.5 -11.1 -12.5 -12.7 2.4 23.1 24.2 23.8 23.8 11
KYP4-1004 -13.0 -11.2 -12.3 -12.4 1.8 21.1 23.1 22.0 21.8 2.0
MAR-2B-2 -13.0 -11.0 -12.0 -11.9 2.1 21.0 23.9 22.6 22.6 2.9
MAR-1B-8 -12.8 -10.0 -11.3 -11.3 2.8 21.6 233 22.5 22.5 1.8
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Supplementary Table 1. Main results of the incremental C and O isotopic measurements from the KYP3-46

H. antiquus lower canine. *Samples in red colour have been excluded from the analysis due to possible
diagenetic influence.

*
€ diet-bioapatite

Distance from

Sample code | &6"C (VPDB) | (Tejadalaraet | 6’0 (VPDB)| SMOW CO3 (%) proximal to
al. 2018) distal end along
the archin mm
KYP-3-46a* -11.9 -27.1 -6.9 23.8 5.2 325
KYP-3-46b* -11.2 -26.4 -6.5 24.2 55 323
KYP-3-46¢c* -10.2 -25.4 -6.0 24.7 55 319
KYP-3-46d -12.2 -27.4 -6.8 23.9 5.0 317
KYP-3-46e -11.7 -26.9 -7.1 23.6 4.6 315
KYP-3-46f -11.8 -27.0 -6.9 23.8 4.8 311
KYP-3-46g -12.1 -27.3 -6.6 24.0 4.9 309
KYP-3-46h -12.0 -27.2 -6.9 23.7 5.0 307
KYP-3-46i -11.2 -26.4 -7.1 23.5 4.8 294
KYP-3-46j -11.4 -26.6 -7.0 23.7 51 291
KYP-3-46k -12.2 -27.4 -7.5 23.1 4.6 288
KYP-3-46l -12.5 -27.7 -7.5 23.1 4.5 285
KYP-3-46m -12.9 -28.1 -7.4 233 4.4 283
KYP-3-46n -13.1 -28.3 -8.3 22.3 4.5 280
KYP-3-460 -13.6 -28.8 -7.4 23.2 4.4 278
KYP-3-46p -13.6 -28.8 -7.9 22.7 4.4 276
KYP-3-46q -13.7 -28.9 -8.1 22.5 4.5 272
KYP-3-46r -13.8 -29.0 -7.9 22.7 4.4 269
KYP-3-46s -13.8 -29.0 -8.2 22.4 4.4 267
KYP-3-46t -13.7 -28.9 -7.9 22.7 4.4 265
KYP-3-46u -13.7 -28.9 -8.5 22.1 4.5 262
KYP-3-46v -13.5 -28.7 -7.6 23.0 4.7 259
KYP-3-46w -13.5 -28.7 -7.6 23.0 4.6 255
KYP-3-46x -13.1 -28.3 -7.3 23.3 4.8 253
KYP-3-46y -13.3 -28.5 -7.9 22.7 4.9 250
KYP-3-46z -13.6 -28.8 -7.2 23.4 4.6 247
KYP-3-46A- -13.4 -28.6 -7.6 23.0 4.2 244
KYP-3-46B- -13.4 -28.6 -8.2 22.4 4.0 240
KYP-3-46C- -13.5 -28.7 -8.2 22.4 4.0 226
KYP-3-46D- -13.5 -28.7 -8.2 22.4 4.3 223
KYP-3-46E- -13.8 -29.0 -8.1 22.5 4.3 220
KYP-3-46F- -13.9 -29.1 -8.0 22.6 4.5 217
KYP-3-46G- -14.1 -29.3 -8.2 22.4 4.6 212
KYP-3-46H- -13.8 -29.0 -7.4 23.3 4.8 209
KYP-3-46l- -14.0 -29.2 -7.9 22.7 4.8 206
KYP-3-46J- -13.8 -29.0 -7.7 229 4.6 203
KYP-3-46K- -13.9 -29.1 -7.5 23.2 4.5 200
KYP-3-46L- -13.6 -28.8 -7.4 23.3 4.5 197
KYP-3-46M- -13.8 -29.0 -7.2 23.4 4.4 194




Supplementary Table 1 (cont.). Main results of the incremental C and O isotopic measurements from the
KYP3-46 H. antiquus lower canine. *Samples in red colour have been excluded from the analysis due to
possible diagenetic influence.

KYP-3-46N- -13.8 -29.0 -7.2 234 4.9 191
KYP-3-460- -12.6 -27.8 -7.2 23.4 53 188
KYP-3-46P- -13.6 -28.8 -7.5 23.2 4.8 184
KYP-3-46Q- -13.5 -28.7 -8.6 22.0 4.6 180
KYP-3-46R- -13.5 -28.7 -7.8 22.8 4.3 178
KYP-3-465- -13.3 -28.5 -7.6 23.1 4.5 176
KYP-3-46T- -13.7 -28.9 -8.3 22.3 4.4 173
KYP-3-46U- -13.6 -28.8 -8.0 22.6 4.3 171
KYP-3-46V- -14.0 -29.2 -8.1 22.5 4.3 168
KYP-3-46W- -13.3 -28.5 -7.7 22.9 4.6 165
KYP-3-46X- -13.7 -28.9 -7.8 22.9 4.3 162
KYP-3-46Y- -13.8 -29.0 -7.9 22.8 4.2 159
KYP-3-46Z -13.3 -28.5 -7.6 231 4.4 156
KYP-3-46_1 -13.6 -28.8 -7.8 22.8 4.4 154
KYP-3-46_2 -13.4 -28.6 -8.1 22.5 4.5 151
KYP-3-46_3 -134 -28.6 -7.7 22.9 4.2 148
KYP-3-46_4 -131 -28.3 -8.0 22.7 4.8 145
KYP-3-46_5 -13.2 -28.4 -8.4 22.2 4.9 142
KYP-3-46_6 -13.6 -28.8 -8.0 22.6 5.0 139
KYP-3-46_7 -13.7 -28.9 -7.9 22.7 54 136
KYP-3-46_8 -14.0 -29.2 -8.5 22.1 4.7 134
KYP-3-46_9 -14.1 -29.3 -8.7 219 4.5 131
KYP-3-46_10 -14.0 -29.2 -8.3 22.3 4.3 128
KYP-3-46_11 -14.2 -29.4 -8.4 22.2 4.4 125
KYP-3-46_12 -14.2 -29.4 -8.3 22.3 4.5 122
KYP-3-46_13 -13.6 -28.8 -8.5 221 4.5 118
KYP-3-46_14 -13.7 -28.9 -7.9 22.8 4.4 116
KYP-3-46_15 -13.5 -28.7 -8.8 21.8 4.2 92
KYP-3-46_16 -13.4 -28.6 -8.1 22.5 4.7 88
KYP-3-46_17 -13.0 -28.2 -8.0 22,6 4.6 86
KYP-3-46_18 -13.9 -29.1 -8.2 22.4 4.3 83
KYP-3-46_19 -14.0 -29.2 -8.6 22.0 4.7 80
KYP-3-46_20 -13.9 -29.1 -8.0 22.6 4.5 40
KYP-3-46_21 -141 -29.3 -8.8 21.8 4.5 38
KYP-3-46_22 -13.9 -29.1 -8.4 22.2 4.4 35
KYP-3-46_23 -13.9 -29.1 -8.2 224 4.3 31
KYP-3-46_24 -13.4 -28.6 -7.9 22.7 4.4 29
KYP-3-46_25 -134 -28.6 -7.7 22.9 4.5 25
KYP-3-46_26 -11.7 -26.9 -6.6 24.0 4.7 15
KYP-3-46_27* -12.9 -28.1 -11.0 19.5 3.6 12
KYP-3-46_28 -12.9 -28.1 -7.5 23.1 4.3 9
KYP-3-46_29 -12.7 -27.9 -8.3 22.3 4.4

KYP-3-46_dent -4.2 -5.9 25 6




Supplementary Table 2. Main results of the incremental Cand O isotopic measurements from the MAR-2B-2

H. antiquus upper canine.

8*diet-bioa patite
(Tejada Laraet

Distance from
root to apex
along the arc

Sample code &C (VPDB) al. 2018) | %0 (VPDB)| SMOW CO3 (%) (mm)
GMAR-2-2Ba -11.9 271 6.9 23.7 4.4 259
GMAR-2-2Bb -11.3 -26.5 -6.8 23.9 4.9 256
GMAR-2-2Bc -11.8 -27.0 -7.0 23.7 4.6 252
GMAR-2-2Bd -12.8 -28.0 -7.5 23.1 4.5 249
GMAR-2-2Be -12.6 -27.8 -7.0 23.6 4.8 246
GMAR-2-2Bf -12.1 27.3 7.3 23.4 4.2 243
GMAR-2-2Bg -11.8 -27.0 7.3 23.3 4.4 240
GMAR-2-2Bh -11.9 27.1 7.2 23.4 4.6 238
GMAR-2-2Bi -12.5 27.7 7.3 23.3 4.4 235
GMAR-2-2Bj -13.0 -28.2 -7.5 23.1 4.1 231
GMAR-2-2Bk -12.9 -28.1 7.3 233 43 229
GMAR-2-2Bl -12.6 -27.8 -7.0 23.6 4.5 226
GMAR-2-2Bm -12.3 -27.5 7.4 233 4.4 224
GMAR-2-2Bn -12.2 274 7.4 23.2 43 221
GMAR-2-2Bo -12.1 27.3 7.7 22.9 43 218
GMAR-2-2Bp -13.0 -28.2 7.8 22.8 43 210
GMAR-2-2Bq -12.7 -27.9 7.6 23.0 4.0 208
GMAR-2-2Br -12.4 -27.6 -7.0 23.6 43 203
GMAR-2-2Bs -12.1 273 7.5 23.1 4.0 200
GMAR-2-2Bt -11.9 27.1 7.2 23.4 4.4 197
GMAR-2-2Bu -12.3 -27.5 -7.5 23.1 4.1 195
GMAR-2-2Bv -12.6 -27.8 7.5 23.1 4.2 192
GMAR-2-2Bw -12.3 -27.5 7.6 23.1 4.0 186
GMAR-2-2Bx -12.2 274 7.3 233 4.2 183
GMAR-2-2By -11.8 -27.0 7.7 22.9 4.1 180
GMAR-2-2Bz -11.9 27.1 7.7 22.9 4.0 177
GMAR-2-2B-1 -12.3 -27.5 -7.6 23.0 4.2 174
GMAR-2-2B-2 -12.3 -27.5 7.3 233 4.2 172
GMAR-2-2B-3 -12.2 -27.4 -7.4 23.2 43 169
GMAR-2-2B-4 -11.6 -26.8 7.4 233 45 167
GMAR-2-2B_5 -11.4 -26.6 7.7 23.0 4.1 164
GMAR-2-2B_6 -11.3 -26.5 -8.0 22.6 43 162
GMAR-2-2B_7 -11.1 -26.3 -8.5 22.1 4.2 159
GMAR-2-2B_8 -11.6 -26.8 -8.7 21.9 43 157
GMAR-2-2B_9 -12.0 27.2 -8.5 22.1 4.1 154
GMAR-2-2B_10 -11.8 -27.0 -8.4 22.2 4.4 152
GMAR-2-2B_11 -11.7 -26.9 -8.5 22.1 4.1 150
GMAR-2-2B_12 -11.4 -26.6 -8.4 22.2 4.2 148
GMAR-2-2B_13 -11.7 -26.9 7.9 22.7 43 145
GMAR-2-2B_14 -11.5 -26.7 -7.8 22.8 4.2 143




Supplementary Table 2 (cont.). Main results of the incremental C and O isotopic measurements from the

MAR-2B-2 H. antiquus upper canine.

GMAR-2-2B_15 -11.3 -26.5 -8.5 22.1 4.1 140
GMAR-2-2B_16 -11.4 -26.6 -8.4 22.2 4.2 135
GMAR-2-2B_17 -11.9 -27.1 -8.2 22.4 4.3 133
GMAR-2-2B_18 -11.5 -26.7 -8.0 22.7 4.4 130
GMAR-2-2B_19 -11.0 -26.2 -8.5 22.0 4.5 127
GMAR-2-2B_20 -12.1 -27.3 -8.2 224 4.3 125
GMAR-2-2B_21 -12.2 -27.4 -8.5 221 4.3 123
GMAR-2-2B_22 -12.1 -27.3 -8.2 224 4.1 120
GMAR-2-2B_23 -11.9 -27.1 -8.4 22.2 4.2 117
GMAR-2-2B_24 -11.7 -26.9 -8.9 217 4.2 115
GMAR-2-2B_25 -12.0 -27.2 -9.0 21.6 4.1 112
GMAR-2-2B_26 -12.2 -27.4 -8.7 21.9 4.1 110
GMAR-2-2B_27 -12.2 -27.4 -8.9 21.7 4.3 107
GMAR-2-2B_28 -11.8 -27.0 -9.0 21.6 4.3 105
GMAR-2-2B_29 -11.4 -26.6 -8.5 22.1 4.3 102
GMAR-2-2B_30 -11.6 -26.8 -8.4 22.2 4.1 100
GMAR-2-2B_31 -11.8 -27.0 -8.1 22.5 4.1 97
GMAR-2-2B_32 -11.9 -27.1 -9.0 21.6 4.2 94
GMAR-2-2B_33 -11.9 -27.1 -8.9 21.6 4.3 83
GMAR-2-2B_34 -11.5 -26.7 -8.7 21.8 4.2 80
GMAR-2-2B_35 -11.9 -27.1 -8.8 21.8 4.5 77
GMAR-2-2B_36 -12.0 -27.2 -9.0 21.6 4.3 75
GMAR-2-2B_37 -11.7 -26.9 -8.9 217 4.4 75
GMAR-2-2B_38 -11.6 -26.8 -8.9 21.7 4.5 72
GMAR-2-2B_39 -11.5 -26.7 -8.7 21.9 4.6 70
GMAR-2-2B_40 -11.9 -27.1 -8.8 21.8 4.6 67
GMAR-2-2B_41 -11.9 -27.1 -9.2 214 4.5 65
GMAR-2-2B_42 -12.0 -27.2 -9.6 21.0 4.5 62
GMAR-2-2B_43 -12.1 -27.3 -8.8 21.8 4.6 60
GMAR-2-2B_44 -11.8 -27.0 -8.3 22.3 4.3 57
GMAR-2-2B_45 -11.8 -27.0 -8.4 22.2 4.3 54
GMAR-2-2B_46 -11.5 -26.7 -8.7 21.9 4.5 52
GMAR-2-2B_47 -13.0 -28.2 -8.0 22.6 4.8 44
GMAR-2-2B_48 -12.9 -28.1 -7.8 22.8 4.9 42
GMAR-2-2B_49 -12.5 -27.7 -7.1 23.5 53 35
GMAR-2-2B_50 -12.5 -27.7 -7.7 22.9 5.0 33
GMAR-2-2B_51 -12.1 -27.3 -7.9 22.7 5.0 30
GMAR-2-2B_cem -9.0 -5.9 24.8 6.2

GMAR-2-2B_dent 3.1 55 25.2 7.2




Supplementary Table 3. Main results of the incremental C and O isotopic measurements from the KYPT-

842 H. antiquus upper incisor.

E3
€7 diet-bioa patite

Distance from

(Tejada Lara et root to apex

Sample Code | &'C (VPDB) al. 2018) 6'30 (VPDB) sMow CO3 (%) (mm)
KYP-T-842a -13.1 -28.3 -7.2 235 5.0 119.2
KYP-T-842b -12.8 -28.0 -6.9 23.8 4.8 116.2
KYP-T-842c -12.7 -27.9 -6.9 23.7 5.0 113.8
KYP-T-842d -12.9 -28.1 -6.5 24.2 4.6 111.0
KYP-T-842¢ -11.9 -27.1 -6.8 23.9 4.8 107.9
KYP-T-842f -11.1 -26.3 -6.7 24.0 4.5 105.2
KYP-T-842g -12.2 -27.4 -6.5 24.2 4.9 102.1
KYP-T-842h -11.5 -26.7 -6.8 23.8 4.4 98.6
KYP-T-842i -12.9 -28.1 -6.7 24.0 4.8 86.5
KYP-T-842j -11.7 -26.9 -6.5 24.1 4.8 83.9
KYP-T-842k -11.3 -26.5 -7.1 23.6 4.6 81.2
KYP-T-842| -12.7 -27.9 -6.6 24.0 4.8 78.4
KYP-T-842m -11.8 -27.0 -7.1 23.5 4.8 74.7
KYP-T-842n -13.0 -28.2 -7.5 23.1 4.4 72.2
KYP-T-8420 -13.2 -28.4 -6.8 239 4.9 69.1
KYP-T-842p -12.5 -27.7 -6.9 23.8 4.7 67.2
KYP-T-842q -12.3 -27.5 -7.4 23.2 4.8 63.9
KYP-T-842r -12.7 -27.9 -7.1 23.5 4.7 61.7
KYP-T-842s -12.7 -27.9 -6.5 24.2 4.7 58.6
KYP-T-842t -12.2 -27.4 -7.1 235 4.4 553
KYP-T-842u -13.5 -28.7 -6.8 23.8 4.7 52.5
KYP-T-842v -12.9 -28.1 -6.5 241 5.0 49.2
KYP-T-842w -13.0 -28.2 -7.3 233 4.8 46.4
KYP-T-842x -12.9 -28.1 71 235 4.4 44.0
KYP-T-842dent 3.0 254 7.6




Supplementary Table 3. Main results of the incremental Cand O isotopic measurements from the MAR-1B-8
H. antiquus third molar.

8*diet-bioa patite
(Tejada Laraet

Distance from

Sample code 6'C (VPDB) al. 2018) 6'30 (VPDB) SMOW CO3 (%) EDJ
GMAR-1-8Ba -12.8 -28.0 -8.05 22.56 4.69 52.2
GMAR-1-8Bb -12.8 -28.0 -7.3 23.3 441 50.3
GMAR-1-8Bc -11.9 -27.1 -7.3 23.3 4.28 47.3
GMAR-1-8Bd -11.9 -27.1 -7.7 22.9 4.32 44.6
GMAR-1-8Be -11.2 -26.4 -7.7 23.0 431 41.6
GMAR-1-8Bf -10.7 -25.9 -8.5 22.2 4.27 38.2
GMAR-1-8Bg -10.2 -25.4 -8.2 224 4.64 35.7
GMAR-1-8Bh -10.5 -25.7 -8.2 22.5 413 32.8
GMAR-1-8Bi -11.3 -26.5 -8.4 22.2 4.13 29.3
GMAR-1-8Bj -11.2 -26.4 -8.1 225 4.16 26.7
GMAR-1-8Bk -11.4 -26.6 -8.3 22.3 4.4 23.7
GMAR-1-8B| -11.6 -26.8 -9.0 21.6 4.35 21.1
GMAR-1-8Bm -10.7 -25.9 -8.4 22.2 4.32 18.0
GMAR-1-8Bn -12.1 -27.3 -8.2 22.5 4.24 10.9
GMAR-1-8Bo -10.0 -25.2 -7.8 22.8 4.57 7.7
GMAR-1-8Bp -11.0 -26.2 -8.2 22.4 4.64 5.6
GMAR-1-8Bdent -4.1 -19.3 -6.6 24.1 8.04

GMAR-1-8Bcem -0.8 -16.0 -6.7 24.0 8.01




Supplementary Table 5. Main results of the incremental C and O isotopic measurements from the KYP4A-

1004 H. antiquus third molar.

*
€ diet-bioapatite

(Tejada Lara et

Distance from

Sample code | 6'C (VPDB) al. 2018) 6'®0 (VPDB) | 60 (SMOW) CO3 (%) EDJ
KYP-4-F6a -13.0 -28.2 -8.5 22.1 3.51 55.7
KYP-4-F6b -13.0 -28.2 9.1 21.4 3.45 52.6
KYP-4-F6c -12.7 -27.9 -9.4 21.2 3.29 49.5
KYP-4-F6d -12.3 -27.5 -8.7 219 3.49 46.8
KYP-4-F6e -12.2 -27.4 -8.8 21.8 3.99 43.2
KYP-4-F6f -12.2 -27.4 -8.6 22.0 4.30 39.6
KYP-4-F6g -12.5 -27.7 9.4 21.1 3.57 37.0
KYP-4-F6h -12.6 -27.8 -8.9 21.7 331 34.3
KYP-4-F6i -12.6 -27.8 -8.8 21.8 3.34 31.2
KYP-4-F6j -12.4 -27.6 -9.0 21.6 3.80 27.8
KYP-4-F6k -11.8 -27.0 -9.2 214 4.18 24.8
KYP-4-F6l -12.5 -27.7 -9.4 21.2 3.35 21.1
KYP-4-F6m -12.2 -27.4 -7.9 22.7 3.64 18.4
KYP-4-F6n -12.4 -27.6 -7.5 23.1 3.88 14.3
KYP-4-F60 -11.9 -27.1 -8.0 22.7 3.86 11.0
KYP-4-F6p -11.2 -26.4 -7.9 22.7 4.25 8.4
KYP-4-F6q -11.8 -27.0 -7.6 23.0 4.32 4.3
KYP-4-F6dent -2.1 -17.3 -6.2 24.5 6.26
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