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ARTICLE INFO ABSTRACT

Handling Editor. Dr Mira Matthews The southern Italian Peninsula plays a crucial role as a biogeographical hotspot in Southern Europe, influenced
significantly by the Mediterranean climate. This environment acted as a glacial refuge for diverse flora and fauna,

Keywords: humans included. This study employs pollen analysis on Mousterian and Uluzzian sediments from Grotta-Riparo

Palynology di Uluzzo C in the Salento Peninsula (southern Italy) to reconstruct the vegetation landscapes encountered by the

Homo neanderthalensis

H ) late Italian Neanderthals (thus far associated with the Mousterian) and early modern humans (linked to the
omo sapiens

Uluzzian) during the mid Marine Isotope Stage (MIS) 3. Our palynological analyses reveal a distinctive and

Il\fliiszti:an diverse environment within the Mediterranean landscape. Tephrochronological and OSL constraints and pale-
Middle-Upper Palaeolithic oenvironmental variability consistently allow us to date the investigated interval between ~46.6 ka and 43.4 ka,
Tephra encompassing the second part of the long Greenland interstadial 12 (GI-12) and the onset of the GI-11. Over
Ttaly these three millennia, the environment in the area of Uluzzo C is characterized by a rich flora mainly composed

of evergreen elements. Additionally, heliophytes such as Amaranthaceae, Artemisia, and Poaceae are observed.
The consistent presence of pollen taxa such as Juglans, and Pinus halepensis/pinea, among others, highlights the
importance of this coastal area of Apulia for the long-term persistence of Mediterranean species during the Late
Pleistocene. These taxa could be supported by a generally mild climate, as suggested by the occurrence of Olea,
Myrtus, and Cistus. These diverse environments would undeniably have offered various opportunities for the
survival of Neanderthals and early Upper Palaeolithic hominins, especially during the warm phases and, criti-
cally, the cold events of the Late Pleistocene. Our integrated approach underscores the importance of Grotta-
Riparo di Uluzzo C as a MIS 3 archive, contributing to the ongoing debate on the spatial extent of glacial
refugia. Our data from Uluzzo C corroborate the previous idea that the climatic and environmental setting were
not the main reason for Neanderthals' abandonment of Uluzzo Bay and potentially southern Italy around 45,000
years ago.
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J. Ochando et al.
1. Introduction

The biodiversity and structure of palaeoecosystems, directly recon-
structed from archaeological successions, have been insufficiently
considered in research on the survival and disappearance of the Last
Neanderthals and the arrival of modern human populations. Conse-
quently, a broad investigation into the relationships between Homo
evolution and Pleistocene palaeofloras in Europe and the Near East is
required. The Italian Peninsula has been a region of confirmed Homo
evolutionary activity and served as a significant enclave in terms of both
human population survival and plant and animal biodiversity hotspot
(Benazzi et al., 2011; Higham et al., 2011, 2024; Magri et al., 2017;
Moroni et al., 2018; Badino et al., 2020, 2023; Romandini et al., 2020;
Ermolli et al., 2022).

Grotta-Riparo di Uluzzo C (hereinafter called Uluzzo C; Figs. 1 and
2), is currently formed by a narrow central hall and a residual external
deposit leaning against the rock wall and sloping towards the sea (Seghi
et al., 2024). This evidence is what remains of a larger cavity whose
vault finished collapsing during the Mousterian occupation (Borzatti
von Lowenstern, 1965, 1966, 1969). It contains a key continental de-
posit (the top of which is located 14-15 m above the present sea level),
including (from top to bottom): a reworked layer with Romanellian
materials (layer A), a Uluzzian occupation (layers C and D), capped by a
tephra deposit (layer B), and a thick Middle Palaeolithic sequence
(layers E, F, G, and H), lying on a marine deposit attributed to the
Tyrrhenian sea ingression (Fig. 3). This succession can be partly corre-
lated with that brought to light in the nearby Grotta del Cavallo and
Grotta di Uluzzo B (Figs. 1 and 2). Uluzzo C, also known as Grotta
Cosma, was first visited in the 1960s by Carlo Cosma, a member of the
Gruppo Speleologico di Maglie, who collected numerous Mousterian
artefacts at the top of the external deposit together with a set of Nean-
derthal teeth (Seghi et al., 2024). Subsequently, in 1963, stratigraphic
excavations were begun by the Istituto Italiano di Preistoria e Proto-
storia (IIPP) under the scientific direction of E. Borzatti von Lowenstern,

Mediterranean
Sea
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who gave the site its current name, and went on until 1968 (Borzatti von
Lowenstern, 1963, 1964, 1965, 1966; Borzatti von Lowenstern and
Magaldi, 1969; Palma di Cesnola and Borzatti von Lowenstern, 1964). In
1963, a small test pit was opened, later enlarged in 1964 to 2.6 x 1.5-m x
2.5 m deep (corresponding to spit 5 of layer G, see Fig. 3). In 1967 and
1968, two other excavation seasons were conducted at Uluzzo C (Bor-
zatti von Lowenstern, 1969). On this occasion, the trench was widened
by approximately 1 m towards the outside, an area in which a marked
decrease in lithic and faunal remains was noted, while the sedimento-
logical characteristics remained unchanged. The sequence was
completely re-excavated, reaching the Tyrrhenian marine deposit. This
made it possible to establish that the bed rock was located ca. 5 m above
the present sea level (Borzatti von Lowenstern, 1969, p. 16). Since 2015,
multidisciplinary investigations encompassing new excavations (dating,
sedimentological analysis, micromorphology, and the study of lithic
artefacts and faunal remains) were carried out at Uluzzo C (Fiorini et al.,
2019; Spinapolice et al., 2022; Seghi et al., 2024; Silvestrini et al.,
2022a, 2022b, 2024). During these recent excavations, which are still
ongoing by the University of Bologna with the collaboration of the
Gruppo Speleologico Neretino, a 1 x 1 m grid was built, including the
area investigated in the 1960s, and the site was divided into three sec-
tors: A, B, and C. Sectors A and B are situated very close to the residual
cave and correspond to the surface of the existing deposit and to the area
occupied by Borzatti's trench (see Fig. 3a-b) respectively. Sector C in-
cludes the external deposit (Fiorini et al., 2019).

The new investigations only focused on the sequence down to layer
F, overall confirming the cultural sequence originally proposed by
Borzatti, consisting in seven main stratigraphic layers (Spinapolice et al.,
2022).

Based on the faunal data from Sector B of the cave, published by
Borzatti in the 1960s (Borzatti von Lowenstern, 1965; Borzatti von
Lowenstern and Magaldi, 1966), and on the results of the more recent
excavations and archaeozoological and ZooMS analyses from Sector A
(Silvestrini et al., 2022a, 2022b), it is possible to reconstruct a
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1. Grotta-Riparo di Uluzzo C 5. Tana delle lene 9. Grotta delle Mura
2. Grotta del Cavallo 6. Grotta Santa Maria D" Agnano
3. Grotta di Uluzzo B 7. Riparo dell'Oscurusciuto
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4. Grotta Romanelli . Grotta di Pozzo Cucii
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10. Grotta di Santa Croce
11. Grotta di Castelcivita
12. Lago Grande di Monticchio

13. Valle di Castigli 17. Bilancino site 21. Tenaghi Philippon
14. Cava Muracei 18. Caverna delle Fate 22, Lake Ohrid

15. Lagaccione 19. Riparo Bombrini 23, Lake Prespa

16. Grotta dei Santi 20, Inannina 24, ODP-963A

Fig. 1. a) Grotta-Riparo di Uluzzo C and Late Pleistocene sites from the Italian and Balkan Peninsula mentioned in the text, b) Position of the shoreline at ~44 ka
relative to the western coast of the Salento Peninsula (Apulia, southern Italy), c¢) Location of the Uluzzo C, Grotta del Cavallo, and Grotta di Uluzzo B in the

Uluzzo Bay.
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comprehensive and coherent picture of the faunal assemblage and
paleoenvironmental conditions. Despite differences in excavation areas
and methodologies, the comparison of these datasets highlights consis-
tent trends in species representation and habitat dynamics over time.
Excluding Unit G, which is currently undergoing a stratigraphic
revision and detailed faunal reanalyses, the MIS3 faunal spectrum is
dominated by ungulates, with cervids (Cervus elaphus, Dama dama, and
Capreolus capreolus) and equids (Equus ferus, Equus hydruntinus) as the
main taxa, while large bovids (Bos primigenius) and Sus scrofa occur in
lower frequencies. Among carnivores, Vulpes vulpes is the most common
taxon, followed by Canis lupus, with sporadic occurrences of Mustela
nivalis, Martes sp., Meles meles and a single Crocuta spelaea tooth recov-
ered from the Mousterian layer (SU 23). Although hyena remains are
rare, their presence is supported by ancient sedimentary DNA and by
indirect taphonomic evidence, such as bone corrosion and rounding due
to carnivore digestion (Silvestrini et al., 2022a). The presence of Lepus
europaeus, birds and Testudo hermanni is consistent throughout much of
the stratigraphic sequence, enriching the paleoenvironmental picture.
Several attempts at radiocarbon dating were carried out on animal
bones, but no reliable results were obtained. The collagen preserved in
the bones proved to be insufficient in quality and/or quantity for robust
radiocarbon determinations. Likewise, the charcoal fragments recov-
ered are too small (millimetric in size) and structurally degraded to be
suitable for the same type of analysis. For these reasons, the conven-
tional Optically Stimulated Luminescence of quartz (OSL) was used in
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dating the sediment of Uluzzo C. Three OSL samples were conducted in
Sector A between layers F and C (samples ULOC 5, 4, and 3) (Fig. 3c;
Spinapolice et al., 2022). Sample ULOC 1 was taken in the uppermost
part of the Mousterian layer G and returned an age of 46 + 4.0 ka, the
oldest chronology available so far for Uluzzo C. With an OSL date of 41.6
+ 2.7 ka at the very top of F (sample ULOC 5), which does not match the
date of the overlying tephra Y-6 (ca. 45.0-44.9 ka), this layer would be
in the mid-MIS3 at the conclusion of the Mousterian cycle, just like layer
F of Grotta del Cavallo. For the Uluzzian layers D and C (samples ULOC 4
and 3), the resulting optical ages (grand weighted mean 40.6 + 1.4 ka)
range from 42.7 + 2.6 to 38.1 + 2.2 ka. These ages imply that Uluzzian
occupation of the site has most probably to be constrained between 42
and 39 ka (Fig. 3c).

Pollen analysis has proven to be a valuable method in reconstructing
past ecosystems in hominin evolutionary contexts (Garcia-Anton and
Sainz-Ollero, 1991; Carrion et al., 2019a, 2019b, 2019c¢; Burjachs, 2001;
Finlayson and Carrion, 2007; Bonnefille et al., 2004; Messager et al.,
2011; Langgut et al., 2018; Ochando et al., 2020a, 2020b, 2020c, 2020d,
2022a). In the Italian Peninsula, a number of Late Pleistocene caves,
including Grotta dei Santi in Tuscany (Ochando et al., 2025), Cava
Muracci in Lazio (Gatta et al., 2016), Tana delle Iene in Apulia (Gatta
et al., 2016), and Caverna delle Fate in Liguria (Karatsori et al., 2005),
have provided palaeoenvironmental reconstructions from pollen in
coprolites that demonstrate the dynamism of the landscape mainly on a
regional scale, butalso in the close vicinity of the sites.In particular, the

Grotta del Cavallo

Groftta =Riparo
di Uluzze C

Fig. 2. Grotta-Riparo di Uluzzo C. a) site entrance, b) area of access to the site (Uluzzo Bay), ¢) Panoramic view of Uluzzo C in the Uluzzo Bay.
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Apulia-Basilicata region offers a wealth of palaeobotanical and paleo-
climatic data that allow combined and detailed reconstructions of the
events between the demise of Neanderthals and the arrival of early
modern humans, as the palynological and tephrostratigraphic investi-
gation of Grotta del Cavallo (Zanchetta et al., 2018; Ricciardi, 2020), the
pollen record from Lago Grande di Monticchio (Watts et al., 1996; Allen
et al.,, 2000), the paleoenvironmental research from Riparo 1’Oscur-
usciuto (Albert et al., 2025), and the speleothem record from Pozzo Cucl
Cave in Apulia (Columbu et al., 2020), suggesting a pattern of
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alternating landscapes with stable paleoclimatic conditions during MIS
3.

Despite the extensive multidisciplinary evidence available, addi-
tional research is necessary to contextualize the decline of the Nean-
derthal population within a paleoenvironmental framework. A reliable
chronology is crucially needed for framing the local palaeoecological
information in the wider regional and extra-regional context of the
Pleistocene climate variability. For the late Mousterian-Early Upper
Paleolithic time windows, the '*C method can be still successfully
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Fig. 3. a) Stratigraphy and profiles sampled for pollen analysis at Uluzzo C, b) Stratigraphic sequence of Uluzzo C, Sector B (Borzatti's trench) (modified after Borzatti
von Lowenstern, 1965; Borzatti von Lowerstern, 1966), ¢) Stratigraphy with the position of pollen sediment samples in Sector A and Sector B (Borzatti's trench) of
Uluzzo C, and geochronological data (further details in Table 1) (Borzatti von Lowenstern, 1965), as well as of the primary ash layer y, described by Borzatti von

Lowenstern (1969).
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applied (e.g., Higham et al., 2008, 2011, 2014) but with increasing
uncertainties, due to the very low radiocarbon activity ratio for such
ancient samples. In the central Mediterranean area, tephrochronology
has been proven to be a powerful tool method for investigating the
Middle-Upper Paleolithic transition, not only for dating but also for
synchronizing archaeological successions with paleoclimatic records (e.
g., Giaccio et al., 2017a; Zanchetta et al., 2018; Spagnolo et al., 2024).

Besides, on-site palynological research can be used to decipher the
palaeoenvironmental conditions across time and their likely impact on
human population activities during site occupation. While off-site re-
cords reconstruct high-resolution regional vegetation dynamics (Genet
et al., 2021; Badino et al., 2023), on-site palynological studies provide
detailed information on past flora and vegetation and on the local/re-
gional environment (Mercuri, 2014; Ochando et al., 2022b, 2024a,

Sector B |
| Uluzzo C

e
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2024b).

This paper presents a palynological study performed on MIS 3 sedi-
ment layers from Uluzzo C, with the aim of increasing our knowledge on
the vegetation landscape occupied by Late Neanderthals and early
modern human populations in southern Italy at both local and regional
level. The study is supported by new tephrochronological data which are
added to the set of OSL dates already published (Spinapolice et al.,
2022), and to cultural information (Silvestrini et al., 2022a; Borzatti von
Lowenstern, 1963, 1965, 1966, 1969) in order to provide the most ac-
curate chronology of the palaeoenvironmental and cultural events that
occurred in the time span between the Late Mousterian and Uluzzian
occupations.

| ULUC-I8 §

Fig. 4. Stratigraphic layers and profiles sampled for pollen analysis in Uluzzo C with the position of pollen sediment samples (Sectors A and B) (further details

in Table 1).
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2. The site
2.1. Physical setting, modern climate, vegetation and stratigraphic context

The Salento Peninsula, which extends between the Adriatic and
Ionian Seas with coastlines spanning >350 km, is entirely isolated from
the Apennine chain. Elevated areas (>500 m asl) in the region are
located >150 km distance from Uluzzo C (Biondi et al., 2004). Salento is
composed of Jurassic-Cretaceous limestone and dolostone that have
been capped by Neogene to Quaternary sediments, as a part of the
Apulia Carbonate Platform (Mastrogiacomo et al., 2012, Fig. 2). This
region is characterized by karstic landforms, as evidenced by the
numerous coastal caves with archaeological remains (Blanc,
1958-1961; Borzatti von Lowerstern, 1966, 1970, 1971; Borzatti von
Lowenstern and Magaldi, 1967; Spinapolice, 2008, 2009, 2012, 2018,
2022; Moroni et al., 2018; Fiorini et al., 2019; Boschin et al., 2022;
Ermolli et al., 2022; Pieruccini et al., 2022, 2024).

Global eustatic reconstructions based on benthic foraminiferal 5'0
records indicate that sea level during MIS 3 remained significantly lower
than present, generally between —40 and —70 m (Waelbroeck et al.,
2002; Grant et al., 2014; Rohling et al., 2014, 2022). Recent observa-
tional and modelling data from the central Mediterranean, corrected for
tectonic uplift and glacial isostatic adjustment, further constrain MIS 3
sea-level highstands to approximately —30 to —50 m (Antonioli et al.,
2021). On the low-gradient Apulian shelf, this sea-level lowering likely
displaced the shoreline at Uluzzo Bay several kilometres seaward of the
present coastline, probably on the order of ~10 km or more (Fig. 1b).

The Mediterranean climate in the vicinity of Uluzzo C is charac-
terised by warm and dry summers, with rain mainly concentrated in
winter and autumn (Polemio and Lonigro, 2013). The nearby meteo-
rological station in Nardo shows an annual average temperature of
17.7 °C (10.1 °C in the coldest month, 26.9 °C in the warmest month),
which can reach maxima above 31 °C in summer, and annual average
precipitation of 659 mm (https://en.climate-data.org/europe/italy/a
pulia/nardo-14065/).

The local vegetation in the Parco Naturale Regionale di Porto Sel-
vaggio (established in 1980) is characterised by Mediterranean open
forest growing on limestone substrates in the upper dry (ombrotype
horizon) and upper thermomediterranean (thermotype horizon) biocli-
matic belts (Rivas-Martinez et al., 2001; Biondi et al., 2004, 2006).
Several authors have examined the flora and the characteristics, distri-
bution, and ecology of the coastal vegetation in Apulia (Corbetta et al.,
1992-1989; Biondi et al., 2004, 2006; Biondi and Casavecchia, 2010). In
limestone cliffs, seawater creates corrosion basins, which provide con-
ditions for the growth of the Crithmo maritimi-Inuletum crithmoidis as-
sociation (characteristic species of the association are Inula crithmoides L.
and Crithmum maritimum L.), while in the parts of the sheer cliffs over the
sea, the cracks in the rocks are colonised by the Limonietum japigyci as-
sociation (charact. species of the association is Limonium japygicum
(Groves) Pign.) (Biondi et al., 2006). Inland, the Mediterranean open
forest is primarily dominated by holm oaks (Quercus ilex L.) and kermes
oaks (Q. coccifera L.), which are frequently mixed with downy oaks
(Q. pubescens Willdenow), while local formations of the Macedonian oak
(Q. trojana Webb) and Valonia oak (Q. ithaburensis subsp. macrolepis) are
also common in the region. It is noteworthy that Aleppo pine (Pinus
halepensis Mill.) is present as a natural species (Chambel et al., 2013).
Commonly associated trees and shrubs are: Juniperus phoenicea L.,
Ceratonia siliqua L., Arbutus unedo L., Olea europaea L., Phillyrea latifolia
L., Pistacia lentiscus L., Rhamnus alaternus L., Myrtus communis L., Cistus
spp., Salvia rosmarinus Spenn., Erica manipulifiora Salisb., Laurus nobilis
L., Fraxinus ornus L., Paliurus spina-christi Miller, Prunus spinosa L., Pyrus
amygdaliformis Villars (Macchia et al., 2000; Biondi et al., 2004). Among
the most common herbaceous species it is worth mentioning Asphodelus
ramosus L., known in the Salento dialect as “uluzzu”, which inspired the
name Uluzzo for the bay. Every spring, as the blossoming bursts, it in-
vades the sunny and rocky areas.
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Uluzzo C is situated at 40°9'27.84" N, 17°57'35.34"E on the western
side of the Ionian coast of Salento (the heel of the Italian boot), the
easternmost region in southern Italy (Fig. 1). It is located in the Parco
Naturale di Porto Selvaggio e Palude del Capitano (Nardo), in the middle
of the Uluzzo Bay, <300 m from Grotta di Uluzzo and Grotta del Cavallo
(originally named Uluzzo B and Uluzzo A, respectively).

During the 1963-64 fieldwork seasons at Uluzzo C, the following
layers (labelled with capital letters, from A to G) intercalated by thin
volcanic layers (designated with Greek letters: o, p and y) were identified
and described (Borzatti von Lowenstern, 1965):

A (0-17 cm) reworked topsoil with blue-coloured volcanic pumiceous
sand lenticels (). Romanellian industry.

B (17-62 cm) volcanic pumiceous sand mixed with red detrital quartz
sand. At the base a thin layer of silvery-grey pumiceous sand (f).
Archaeologically sterile.

C (62-80 cm) strongly cemented red sediment with debris. Uluzzian.
Layer C corresponds to SUs 3, 15, and 17 of the new excavation.

D (80-90 cm). Red sandy sediment with fine debris. At the base lenses
of greenish pumice sand (y = SUs 25 and 27). Uluzzian layer D
corresponds to SUs 21, 22, and 26¢s. (combustion structure) of the
new excavation. At the top and within the body of the structure
(26¢s), a lens of pumice and sand mixed with stones fine sediment,
yellowish to olive-green in colour and bright in the light, was iden-
tified and recorded as SU26 in recent excavations, 2015-2022
(Fig. 3).

E (90-100 cm). Cemented red sandy-silty sediment with few debris.
Above a thin violaceous clay layer (8). Mousterian lithics associated
with a few Uluzzian materials infiltrated from layer D. Layer E cor-
responds to SUs 23 and 24 of the new excavation.

F (100-150 cm). Strongly cemented red sediment with debris capped
by a thin sandy-clayey yellowish layer (¢). Between G and F there is a
15-20 cm gap () formed by a hollow zone. Scarce Mousterian lithics.
Layer F corresponds to SU 30 of the new excavation.

A major environmental change at Uluzzo C is marked by the collapse
of the cave roof towards the top of layer G, after which event sedi-
mentation patterns indicate open-air conditions increasingly influenced
by surface runoff, as evidenced by secondary calcite formations and
sediment thinning.

G (165-250 cm = spits 1-5) dark brown loose sandy-clayey sediment
with few debris sealed by a horizon rich in large and small stones,
slightly cemented. Between spits 4 and 5 there is a layer () made of
often broken and corroded stones and pebbles generally covered
with thick patinas of manganese and iron oxides. Layer G is rich in
lithic artefacts and very fragmented faunal remains. Both lithics and
fauna often show traces of burning.

During the 1965 excavation campaign, the trench was further
deepened in layer G (spits 6-21, each one about 10-15 cm thick) and
beyond (layer I spit 22 and layer L) to a total depth of 6.40 m. The de-
posit of layer G below n, slightly inclined towards the left wall of the
cave (i.e., towards the south), was divided into two horizons (Borzatti
von Lowenstern, 1966): spits 5-15 and spits 16-21, due to the appear-
ance of a series of hearths in the latter horizon, which were distributed
over a thickness of about 1.20 m. These hearths were formed by layers of
slightly hardened reddish sand over hardened whitish ashes. From a
sedimentological point of view, layer G below 1 is uniformly described
as a coarse sandy-silty sediment with few debris and rare larger stones,
many of which were decalcified and corroded, becoming fewer and
fewer downwards.

H In lateral contact with spit 21 of layer G is a deposit of strongly
cemented red ochraceous clayey sandy sediment called layer H, with
rare Mousterian artefacts, which lies on a dark, loose, fine sand layer
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(H). According to the sedimentological study carried out by D.
Magaldi (1969 p. 6), layer H is interpreted as a possible remnant of
an older, partially eroded sediment.

The Middle Palaeolithic succession rests directly on:

I a series of large calcareous rock blocks up to 1 m long exhibiting
signs of bioerosion (lithodomes) (layer I = spit 22), which, in turn, lie
on layer L.

L conglomerate of much smaller, more or less rounded blocks, con-
tained in a coarse white predominantly calcareous sand tenaciously
cemented and travertinised, with many marine fossils, currently
lying 7.5-8 m asl. The marine event represented by layers I and L was
attributed by Borzatti to MIS5e.

2.2. The lithic industry

2.2.1. The Mousterian (layers G, F, E and SUs 23, 24, 30)

According to Borzatti (1963; 1965, 1966, 1969) the abundant lithic
industry from layer G is mostly composed of scrapers (side, transverse
and side-transverse; Supplementary Material 1, Figs. S1-S6). Points,
mainly characterized by specimens with wide bases, denticulates and a
few limaces are also documented. Thinned ventral faces, carenoid and
ipercarenoid (named planes) implements with stepped or demi-stepped
retouch and artefacts with dihedral ventral face of the Quinson type are
common. The occurrence of bifacial artefacts on limestone, among
which an handaxe (Borzatti von Lowenstern, 1965) from the upper spits
of layer G (above n), is recorded. Rare side-scrapers on pebbles are also
present.

In addition, it is worth noting the presence of some retouched tools
on Callista chione and Glicymeris from spit 1 (Borzatti von Lowerstern,
1965, p. 14; Dantoni, 1980; Sarti and Martini, 2020 p. 543) and of a talus
of Bos primigenius (Borzatti, 1969 Fig. 6 p. 16) bearing on the distal
articular face deeply incised signs, from the middle of layer G. These
signs are very similar to those occurring on lithic pebbles found at Grotta
Torre dell’Alto layer C (Borzatti von Lowenstern and Magaldi, 1967,
Fig. 1), Grotta Marcello Zei layer A spit 3 (Dantoni and Nardi, 1980) and
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Grotta del Cavallo layer F (Sarti and Martini, 2020).

The lithic assemblage from layer G is attributed by Borzatti (1965,
1969) to the Quina-type Charentian, without going into chronological
detail, but specifying that, although more recent, it is in the same cul-
tural tradition as that of the nearby Grotta Torre dell’Alto. In more
recent works (Palma di Cesnola 2001; Sarti and Martini, 2020) spits
5-21 of layer G are culturally reconnected with layer M of Grotta del
Cavallo, while the following Mousterian phase (spits 1-4 of level G) is
assimilated to that of layer L of the same cave.

The lithic industry of layer F (SU 30 of the new excavation) is rep-
resented by a few dozen pieces made of the same raw material as that of
layer G (Supplementary Fig. 1). Butts are mainly flat. Retouched tools
(n. 9) include scrapers, denticulates and a point with facetted butt
(Borzatti von Lowenstern, 1965 Fig. 8 n. 8). Thick artefacts with typical
stepped retouching are missing.

The assemblage of layer E comprises 70 and 23 artefacts coming from
Borzatti’s 1964 and 1967-68 excavations respectively, and 152 coming
from the new excavation (SUs 23 and 24) (Borzatti von Lowenstern,
1965, 1969). This layer is primarily characterised by Mousterian ele-
ments, including side-scrapers, points, and a limace (Borzatti von
Lowenstern, 1965, Fig. 9, nos. 7, 8; Silvestrini et al., 2022a). However,
some pieces (e.g., a lunate) clearly indicate an infiltration from the
overlying Uluzzian layer D (Borzatti von Lowenstern, 1965, Fig. 9, no.
11).

2.2.2. The Uluzzian (layers D-C and SUs 25, 21, 22, 26, 27, 3, 15, 17)

During Borzatti's excavations (Borzatti von Lowenstern, 1965), 75
artefacts were recovered from both layers (45 from D and 30 from C)
among which 2 side-scrapers and 8 denticulates on flake from D, and a
burin, a lunate, a truncation, 2 side-scrapers, 3 denticulates on flake and
a bipolar core from C. The recent excavation yielded 471 artefacts from
layer C and 177 from layer D. The following description, which is the
fruit of a recent revision of the whole Uluzzian lithic assemblage from
Uluzzo C, takes into account both the Borzatti's and the recent excava-
tion data and provides an integrated overview of the two layers.

The target products—flakes and bladelets—were obtained through
two main strategies: (i) unidirectional debitage using the bipolar
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Fig. 6. Percentage pollen diagram of the non-arboreal elements from sediment samples of Uluzzo C. Black dots for percentages <3 %. Grey asterisks represent
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technique on an anvil, characterised by unprepared striking platforms
and minimal or no management of core convexities; and (ii) lamellar
production involving parallel unidirectional reduction by direct per-
cussion, with deliberate management of lateral and distal convexities to
facilitate bladelet production. The absence of Levallois further supports
the attribution of the assemblage to the Uluzzian techno-complex
(Silvestrini et al., 2022a).

Retouched tools are mostly found on flakes and fragments. Side-
scrapers are the most frequent, followed by transverse scrapers, an
end-scraper, and a few retouched bladelets. Notably, the presence of two
lunates is particularly significant, as these are considered diagnostic
elements of the Uluzzian techno-complex. The characteristics of Uluz-
zian assemblage from layers C and D mainly resemble those of layer D
found at Grotta del Cavallo.

3. Materials and methods
3.1. Tephra sampling and analyses

Three samples for tephra analyses were collected in layer y between
layer D and E (UC27, UC26, and UC25) during the excavation of Sector A
(Fig. 3c). After mounting on slides and polishing, the glass shards and
(micro-) pumice fragments were analysed by single shard major element
chemical analysis using the electron probe microanalyser (EPMA). An-
alyses were carried out at the Dipartimento di Scienze della Terra,
Universita degli Studi di Firenze (Florence, Italy), with a Jeol Superp-
robe JXA-8230 equipped with five-WDS spectrometers. Operating con-
ditions were set to 15 kV accelerating voltage, 10 nA beam current and
10 pm defocused beam diameter to limit Na mobilisation. Element
counting times were 15 s for all elements except for Na (10s), F (20s), S
(30s), Mn, P and Cl (40s). Albite (Si and Na), ilmenite (Ti and Fe),
plagioclase (Al), bustamite (Mn), olivine (Mg), diopside (Ca), sanidine
(K), apatite (P), fluorite (F), tugtupite (Cl) and celestine (S) were used as
internal standards. The accuracy of the measurements was assessed
using the glass secondary standards GOR128-G, ATHO-G and StHs6,/80-
G (Jochum et al., 2006).

3.2. Pollen sampling and preparation

The sampling of the sediment for pollen analysis was conducted on
vertical stratigraphic profiles, as it is proposed for archaeological de-
posits (Girard, 1975), during the 2022 fieldwork campaign. Twelve
samples were taken from two archaeological profiles (samples ID
ULUC-1 to ULUC-12) in Sector A, in layers C, D, E, and F (squares
A-AA11, A-A10, A-A11 of the excavation grid; Figs. 3 and 4; Table 1),
and additional twelve samples were taken from one archaeological
profile in Sector B, in layers C, D, E, and F (square B13 of the excavation
grid; Figs. 3 and 4; Table 1). In Sector A, samples were not collected in
the basal part of layer F because of the accumulation of fallen rocks
caused by a roof collapse (Figs. 3 and 4). Exposed sediment surface was
cleaned back and discarded to a depth of 10-15 cm, to avoid potential
sources of contamination and/or recent bioturbation.

In the laboratory, after the samples were weighed (Table 1), the
“Classic Chemical Method” was followed for the extraction of paly-
nomorphs (Erdtman, 1969; Dimbleby, 1985), with the modifications
proposed by Girard and Renault-Miskovsky (1969):

e Approx. 40 mL of Hydrochloric Acid (HCl) were added to each
sample, together with tablets with a known number of Lycopodium
spores, in order to estimate the pollen concentration.

o After centrifugation for 6 min at 3600 RPM and elimination of the
supernatant liquid, Hydrofluoric Acid (HF) was added and left two
days under the fume cupboard for the reactions.

e Approx. 25 mL NaOH (10 %) was added and left in a water bath for
10 min.

e Zinc chloride (ZnCly) was then used, to separate sediments at the
bottom of the tube from the palynomorphs at the top, which were
poured out into another tube.

o A few drops of Glycerol (C3HgO3) were added to each sample before
storage in collection tubes.

After the chemical treatment, the samples were mounted on slides
with the use of liquid paraffin. The palynological identification was
made by conventional microscopy (400x to 1000x) using an optical
microscope, with the use of oil immersion objective (1000x) We used the
pollen reference collection of the Department of Environmental Biology
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Table 1
Summary of palynological features at the Uluzzo C sequence.
Sample Layer  Square Gross Weight ~ Net Weight Concentration Indeterminable Pollensum  “Pollen Number of taxa Spores
(€3] (€3] (grains/g) (%) sum (Pollen) sum
ULUC-1 C B13, W 29.20 19.30 15,043 3.33 552 211 34 21
ULUC-2 C B13, W 28.30 16.20 66,249 2.89 231 209 34 19
ULUC-3 C A-AA11, 122.62 69.88 259 3.94 236 203 14 484
NE
ULUC-4 C A-AA11, 35.74 20.35 995 3.96 206 202 18 162
NE
ULUC-5 C A-AA11, 28.34 16.13 3764 4.90 208 204 25 238
NE
ULUC-6 D B13, W 10.46 10.46 477 14.28 14 14 4 0
ULUC-7 D B13, W 10.79 10.79 645 20.00 5 5 2 0
ULUC-8 D B13, W 18.43 18.43 377 0.00 1 1 1 0
ULUC-9 D A-AA11, 28.91 16.47 361 10.00 16 15 9 0
NE
ULUC- D B13, W 13.96 13.96 498 0.00 5 5 4 0
10
ULUC- D A-AA11, 102.42 58.36 179 0.00 15 15 5 9
11 NE
ULUC- E B13, W 10.70 10.70 7340 2.75 271 221 24 19
12
ULUC- E B13, W 10.67 10.67 2794 4.76 270 211 24 15
13
ULUC- E A-A10, 367.83 71.43 2897 1.30 245 231 22 49
14 NwW
ULUC- F B13, W 15.26 15.26 46,795 3.65 462 223 22 70
15
ULUC- F A-Al1l, 220.50 59.61 1536 3.62 225 222 24 44
16 Nw
ULUC- F B13, W 22.23 22.23 7549 4.32 567 210 27 166
17
ULUC- F B13, W 20.13 20.13 1051 5.28 312 217 26 40
18
ULUC- F A-Al1l, 77.81 44.34 268 3.43 238 205 21 66
19 Nw
ULUC- F A-Al1, 9.87 9.87 185 2.40 218 209 23 12
20 NwW
ULUC- F A-All, 9.12 9.12 1704 1.42 219 213 22 8
21 Nw
ULUC- F B13, W 19.05 19.05 31,191 1.84 299 220 22 13
22
ULUC- F A-All, 7.28 7.28 445 2.44 228 207 25 8
23 NwW
ULUC- F A-All, 8.34 8.34 1485 2.16 269 233 19 6
24 NwW
TOTAL 3906 1449
5312

2 Asteroideae, Cichorioideae, and Centaurea excluded.

(Sapienza University of Rome) and of the Department of Plant Biology
(University of Murcia).

A pollen grain count of 150-300 grains per sample is necessary to be
considered statistically significant and adequate for paleoenvironmental
interpretations (Erdtman, 1931; Barkley, 1934; Sanchez-Goni, 1993;
Lytle and Wahl, 2005; Lau et al., 2018; Djamali and Cilleros, 2020; Weng
and Hooghiemstra, 2024). A minimum count of 200 grains was attained
for all samples, except layer D, where <20 grains per sample were
counted. Along with spores and NPPs (Non-Pollen Palynomorphs), we
excluded from the total pollen sum the counts of Asteroideae, Cichor-
ioideae, and Centaurea, assuming they might be overrepresented due to
taphonomic and preservation processes (Havinga, 1984). The pollen
count data was treated with the Tilia Graph 1.7.16 program in order to
plot the pollen diagrams.

Pine pollen grains with corpus >60 y m were included within the
Pinus halepensis - pinea type (Desprat et al., 2015) and pine pollen grains
with corpus <60 y m were included in the Pinus nigra — sylvestris type.

3.3. Composite pollen profile (sectors A-B)

The pollen sequences from Sector A and Sector B have been directly
correlated with each other (Fig. 3), supported by the stratigraphy by

Borzatti von Lowenstern and Magaldi (1969) and Spinapolice et al.
(2022). Based on their stratigraphic position and on a precise reposi-
tioning of the samples (exhaustive coordinate), 12 samples from Sector
A belonging to layers F, E, D, and C, and 12 samples from Sector B
belonging to layers F, E, D, and C, were combined to create a composite
pollen profile (Figs. 5 and 6).

A synthetic pollen profile is represented in Fig. 7, including the
following ecological groups: warm temperate forest (evergreen Quercus,
Buxus, Olea, Pistacia, Phillyrea, Cistus, Myrtus, Fraxinus, Juglans, Rham-
nus, Tamarix, Thymelaeaceae, and Erica), temperate forest (deciduous
Quercus, Alnus, Corylus, Carpinus betulus, Fraxinus, Populus, Ulmus, Salix,
Viburnum, Sambucus ebulus, and Rosaceae), Cool temperate forest (Picea,
Abies, and Betula), Eurythermic conifers (Pinus and Juniperus), Grassland
and dry shrubland (Poaceae, Cyperaceae, Genisteae, Asphodelus, Lil-
iaceae, Lamiaceae, and Teucrium), and Xerophytic steppe (Artemisia,
Amaranthaceae, and Ephedra fragilis).

4. Results
4.1. Tephra lithology and composition

The three samples present as a mixture of detrital sediment and
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Fig. 7. Composite pollen profile (Sector A and Sector B) correlated with stratigraphic section from Uluzzo C. The position of the tephra samples UC27, UC26 and
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volcanic material with variable amounts of the clastic and volcanic
components. Sample UC27 is a lenticular level with the highest con-
centration of the volcanic component, being almost completely made of
purely glass shards, while the stratigraphically equivalent samples UC25
and UC26 comprise relatively large amounts of detrital particles. In all
samples, the volcanic fraction is made by high-vesicular, green micro-
pumices and glass shards often represented by elongated to convolute
thin fragments of bubble-walls or stocky particles with spherical bubbles
and thick septa (Fig. 8a). The micro-pumice and glass shards are well-
preserved in sample UC27, while in samples UC26 and UC25 they
show some degree of physical alteration and chemical weathering. The
glass major element composition of all three samples is peralkaline
(Na20 + K20 > Al203) rhyolitic, which makes them classifiable as
Pantellerites (Fig. 8b).

4.2. Pollen

All the analysed sediment samples contained pollen grains (Figs. 5
and 6; Supplementary Material 1, Figs. S7-S10). A total of 5312 pollen
grains and 1449 spores (Supplementary Material 1, Figs. S11-512) were
identified. The percentage of indeterminable grains is lower than 10 %
(Table 1), except for samples ULUC-6 (>14 %) and ULUC-7 (20 %), and
the preservation is generally good. The mean number of pollen types per
sample is 24 (66 identified taxa), excluding layer D that was very poor.
The pollen concentration varies between 179 and 66,249 grains/g
(Table 1).

Layer F: this layer includes samples ULUC-24 to ULUC-15 (Figs. 5
and 6). AP is found across all samples between 60 and 30 %. Pinus
halepensis/pinea (7-31 %) and Pinus nigra/sylvestris (1-15 %) show high
percentages. Deciduous and evergreen Quercus, Juniperus, Fraxinus, and
Olea do not exceed 7 %. Accompanying AP are Abies, Picea, Alnus, Ulmus,
and Erica. Betula, Corylus, Carpinus betulus, Juglans, Salix, Populus,
Viburnum, Sambucus ebulus, Buxus, Myrtus, Pistacia, Phillyrea, Tamarix,
Ephedra fragilis, Cistus, Genisteae, and Rosaceae show occasional
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appearances. In NAP,

Amaranthaceae (22-47 %), Poaceae (4—19 %), and Artemisia (1-9 %)
are dominant, while Plantago does not exceed 5 %. NAP also include
Asteroideae, Cichorioideae, Apiaceae, Brassicaceae, and Fabaceae, as
well as a limited presence (<1 %) of Centaurea, Caryophyllaceae, Dip-
sacaceae, Euphorbiaceae, Helianthemum/Halimium, Asparagus, Polyg-
onum, Ranunculaceae, Rubiaceae, Scrophulariaceae, Sedum, Verbascum,
Zygophyllaceae, and Cyperaceae.

Layer E: this layer includes sample ULUC-14 to ULUC-12 (Figs. 5 and
6). NAP is dominant in samples ULUC-14 (>59 %) and ULUC-13 (>55
%), while AP is dominant in sample ULUC-12 (>51 %). In NAP, Amar-
anthaceae (35-50 %), Poaceae (3-9 %), and Artemisia (1-4 %) are
abundant, while Plantago does not exceed 4 %. NAP also includes
Asteroideae, Cichorioideae, Plantago, and Fabaceae, as well as limited
presence of Brassicaceae, Geraniaceae, Saxifraga, Scrophulariaceae,
Urticaceae, and Sedum. Within AP, Pinus halepensis/pinea (15-20 %),
evergreen Quercus (3-6 %) Pinus nigra/sylvestris (2-6 %), Olea (2-5 %),
Juniperus (1-5 %), and Myrtus (1-4 %) are dominant. Alnus, Fraxinus,
Pistacia, Genisteae, and Erica are very well represented throughout the
layer, while deciduous Quercus, Betula, Juglans, Salix, Ulmus, Buxus,
Cistus, and Rosaceae show sporadic occurrences.

Layer D: this layer includes samples ULUC-11 to ULUC-6 (SUs 23,
25) (Figs. 5 and 6). The lowest pollen richness and concentration were
recorded (Table 1). Pollen counts were too low to calculate the per-
centages. Because of this, taxa that have been identified are only shown
in the diagrams with asterisks indicating their occurrence (Figs. 5 and
6). NAP include Artemisia, Amaranthaceae, and Poaceae, accompanied
by Plantago and Asphodelus. In the AP it is important to emphasise the
presence of Pinus halepensis/pinea, deciduous Quercus, Fraxinus, ever-
green Quercus, and Pistacia.

Layer C: this layer includes pollen samples ULUC-5 to ULUC-1 (SUs
17,15, 3) (Figs. 5 and 6). NAP is dominant with total values of 53-88 %,
being characterised by high percentages of Amaranthaceae (19-51 %),
Poaceae (3-18 %), Plantago (1-12 %), and Artemisia (2-5 %).
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Asteroideae, Cichorioideae, Apiaceae, Brassicaceae, Caprifoliaceae,
Dipsacaceae, Euphorbiaceae, Fabaceae, Helianthemum/Halimium, Lam-
iaceae, Asphodelus, Liliaceae, Ranunculaceae, Plumbaginaceae, Saxi-
fraga, Sedum, Typha, Urticaceae, and Cyperaceae are also present. In AP,
evergreen Quercus (3-12 %), Pinus halepensis/pinea (1-11 %), deciduous
Quercus (2-7 %), Olea (1-5 %), Fraxinus (1-4 %), and Rhamnus (1-4 %)
are well represented. AP also include Pinus nigra/sylvestris, Juniperus,
Alnus, Betula, Corylus, Juglans, Ulmus, Myrtus, Pistacia, Phillyrea, Genis-
teae, Erica, Cistus, Thymelaeaceae, and Rosaceae.

5. Discussion
5.1. Tephra: nature, correlation and age

The glass from the stratigraphically closed samples UC27, UC26 and
UC25 show very similar lithological features and peralkaline rhyolitic
composition, which allow interpreting them as deriving from the same
eruption. The overall lithological features of the better preserved UC27,
high concentrated volcanic glass shards, allow this lenticular level to be
interpreted as the first tephra sedimentary input recognizable in Uluzzo
C, while the stratigraphically equivalent UC26 and UC25, with less
abundant and less-preserved glass shards, as slightly displaced material
deriving from the reworking of the sub-primary UC27 level. Considering
the stratigraphic position of UC27 and UC25 and their lithological fea-
tures, these lenticular levels can be correlated with the lens of “greenish
volcanic ash” occurring between layers E and D, as described by Borzatti
von Lowenstern (1969). The possible occurrence of remnants of volcanic
sediments in the lower part of D from recent excavations (UC25) should
be interpreted as material reworked from the lower ash horizon y found
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at the base of layer D, as also demonstrated by the characteristics of the
lithic industry. Therefore, the primary tephra deposition, and conse-
quently the related isochrone, can be placed in correspondence with the
layer y described by Borzatti von Lowenstern (1969).

As for as the origin of the UC27-26 volcanic glass, and thus of the
primary y tephra laying at base of layer D, its peralkaline rhyolitic
composition, which is really peculiar in the framework of the central
Mediterranean tephrostratigraphy (e.g., Branca et al., 2023), allows
identifying the island of Pantelleria as the volcanic source. Based also on
its stratigraphic position and the available OSL chronology, between ca.
48 ka and 34 ka (whole chronological range at 2-sigma uncertainties;
Fig. 7), y/UC27 can be reliably correlated to the Pantelleria Green Tuff
(PGT), dated by the 40Ar/%°Ar method at 45.5 + 1.0 ka (20; Scaillet
et al., 2013; recalculated age as reported in Zanchetta et al., 2018) and
its marine equivalent Y-6 layer (Paterne et al., 2008). A comparison with
glass composition of the PGT proximal deposit and its distal equivalent
Y-6 tephra, shows a good geochemical matching (Fig. 8). This attribu-
tion is further supported by the identification of the PGT/Y-6 in the same
archeostratigraphic position, i.e., in between the Mousterian and Uluz-
zian layers, in the succession of Grotta del Cavallo (Zanchetta et al.,
2018), which alongside Uluzzo C and other caves and rock shelters form
the cluster of Paleolithic sites of the Uluzzo Bay (Fig. 1).

5.2. Tephra synchronization and paleoclimatic alignment of the Uluzzo C
pollen record

The PGT/Y-6 is a widespread tephra marker covering the area be-
tween the Sicily Channel and the southern Balkan Peninsula and
occurring in a number of marine and terrestrial paleoclimatic records
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Fig. 9. Tephra synchronization and paleoclimatic alignment of the Uluzzo C pollen record with the marine record of the Sicily Channel ODP-963A (Sprovieri et al.,
2012) and the North-GRIP GICCO5 timescales (Rasmussen et al., 2014).

(Zanchetta et., 2018 and reference therein), so offering the opportunity Y-6 falls during a phase of open landscape including warm temperate
of a direct synchronization with the Uluzzo C composite pollen record elements (evergreen Quercus, Olea, Myrtus, Pistacia, and Phillyrea) and
(Fig. 7). Specifically, the high-resolution planktic record of the Sicily mediterranean pines, which may correspond to the end of the relatively
Channel ODP-963A (Sprovieri et al., 2012, Figs. 8 and 9) allows evalu- mild interstadial GI-12 (Fig. 9). In the interval following the Y-6 depo-

ating the climatostratigraphic position of the Y-6 tephra within the sition, the Uluzzo C pollen percentages are uncertain because of the very
framework of the MIS 3 millennial scale climatic variability. According low pollen concentration found in layer D, in both Sectors A and B. The
to this record, the Y-6 occurs at the very end of a relatively long and low pollen preservation of this layer may be indicative of oxidation, a
pronounced interstadial correlated to Greenland interstadial 12 (GI-12) condition occurring in dry climates where the depositional layers are
or the very beginning of a stadial, corresponding to the Greenland sta- exposed to atmospheric agents for an extended period of time and there
dial 12 (GS-12) (Fig. 9) (Tamburrino et al., 2012). is no buildup of organic materials from the plants. In layer C, the warm

Similarly, in the Uluzzo C composite pollen record, the tephra UC27/ temperate woodland shows two expansions, culminating at the top of
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the sequence with the maximum percentage of ca. 35 % (Fig. 9). Such
sequence of events by and large corresponds to that observed in the
Sicily Channel marine record ODP-963A (Sprovieri et al., 2012), where
the Y-6 tephra is followed by a stadial, correlated to GS-12, and then by
GI-11 (Fig. 9). Accordingly, layer D with low pollen concentration might
correspond to GS-12 and the peak in warm temperate arboreal taxa of
layer C to GI-11 (Fig. 9). The ODP-963A age can be tentatively applied to
the Uluzzo C record by aligning the two sequences (Fig. 9). According to
the Bayesian modelled ages of the ODP-963A, based on a detailed tuning
with the Greenland isotope record (Sprovieri et al., 2012), the age of the
beginning of the GI-11 is ~43.4 + 1.0 ka, while that of the Y-6 is 45.0
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1.0 ka. A further point of alignment of Uluzzo C with the ODP-963A can
be made assuming that the relatively sharp drop in arboreal pollen at ca.
1.4 m corresponds with the isotopic fluctuation that in ODP-963A marks
the end of the more pronounced interstadial condition of the GI-12
(Fig. 9). Finally, by linearly extrapolating the intercepts between these
three tie points (one tephra-synchronizing point and two
paleoclimatic-aligment points), we obtain a rough age-model for the
whole pollen succession (Fig. 9). According to this simple age-depth
curve, the investigated succession would span the very short interval
of 3.2 kyr, between 46.6 and 43.4 ka, using the ODP-963A chronology,
or 46.0 and 43.2 ka, according to the North-GRIP GICCO5 timescale
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Fig. 10. Positive correlation of the pollen sequence of Uluzzo C with chronologies align with those inferred from the nearby Grotta del Cavallo (Zanchetta et al.,
2018), the Lago Grande di Monticchio record (Watts et al., 1996; Allen et al., 2000), the speleothem record from Pozzo Cucti Cave in Apulia (Columbu et al., 2020),
the ODP-963A climato-chronology record (Sprovieri et al., 2012), the North-GRIP GICCO5 climato-chronology record (Rasmussen et al., 2014), interpreted as

belonging to warm events (GI-12 and GI-11) and cold event (GS-12).
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(Rasmussen et al., 2014, Figs. 9 and 10). Overall, the ODP-963A-based
chronology of Uluzzo C composite pollen is in good agreement with
the “°Ar/3?Ar age of the PGT/Y-6 and is well within the uncertainties of
two (ULOC1 and ULOCS3) out of three of the available OSL dates, which
likely underestimate the sediment age (Fig. 9).

The Apulia-Basilicata region offers a wealth of well-dated archaeo-
logical, palaeobotanical, paleontological and paleoclimatic data that
allow combined and detailed reconstructions of the events between the
demise of Neanderthals and the arrival of early modern humans. In
particular, the paleoenvironmental record of Uluzzo C can be correlated
with the nearby Grotta del Cavallo (Zanchetta et al., 2018; Ricciardi,
2020), the pollen record from Lago Grande di Monticchio (Watts et al.,
1996; Allen et al., 2000), and the speleothem record from Pozzo Cucu
Cave in Apulia (Columbu et al., 2020), based on their respective chro-
nologies (Fig. 10).

The Lago Grande di Monticchio record, reaching back 132 ka BP,
reveals the vegetation and climate variability in the southern Italian
Peninsula (Watts et al., 1996; Allen et al., 2000). The chronology of the
record was based on counts of annually laminated sediments, radio-
carbon and radioisotopic dates, and tephrachronology (Allen et al.,
1999). Successive developments in tephrachronology led to revised
chronological settings (Brauer et al., 2007; Wutke et al., 2015). We
further reconsidered the chronology of the Monticchio record, by taking
advantage of the abundance of tephra layers found in its lacustrine
archive (Narcisi, 1996; Wulf et al., 2004; Wutke et al., 2015). More
specifically, we re-dated the pollen data retrieved from the Neotoma
Paleoecology Database (core LGM90D, ID 26608; Watts et al., 1996;
Allen et al., 2000) between 56 ka and 40 ka, based on the linear inter-
polation between the two marker tephra; i.e., the TM-19, correlated to
the Monte Epomeo Green Tuff, from Ischia, and T_18, correlated to the
Campanian Ignimbrite, from Campi Flegrei (CI), dated at 56.1 + 1.0 ka
(Giaccio et al., 2017b) and 40.0 &+ 0.1 ka (Giaccio et al., 2017a),
respectively, and precisely located at the original depths reported by
Zolitschka and Negendank (1996) (Fig. 10). At present, compared to the
Salento Peninsula that is characterized by Mediterranean plant taxa, the
volcanic area of Lago Grande di Monticchio, located at >650 m asl,
shows a dominance of temperate deciduous forest. A similar difference
can be noted when the pollen records of Uluzzo C and Monticchio from
GI-12 to GI-11 are compared (Fig. 10). Even so, a general correspon-
dence is clear.

Some details about the taphonomic processes that pollen grains go
through in on-site records must be mentioned. The composition of the
palynological record is impacted by processes that are unique to each
pollen taxon, including production, transport, deposition, and tapho-
nomic alterations (Hevly, 1981; Coles et al., 1989; Coles and Gilbertson,
1994; Campbell, 1999; Hunt and Fiacconi, 2018). The
morpho-geological features, the distance of the archaeological profiles
from the entrance of the cave, the presence of roof fissures that may
allow water and other particles to seep in, the type and orientation of
each site's opening or openings, and the depth of each deposit will all
have a significant impact on the entry mode, dispersion, and deposition
of palynomorphs through the various dispersion vectors (anemophilous
or entomophilous pollen grains, for instance). These taphonomic pro-
cesses, which are widespread in archaeological deposits, affect the
original pollen rain and influence the fossil pollen spectra (Lebreton
et al., 2010). In this sense, on-site records can show a “differential
preservation of palynomorphs', where the percentage of taxa can differ
between sediment samples within the same stratigraphic and/or cultural
context. However, studies conducted in recent years have demonstrated
a consistent palaeoecological reconstruction of the vegetation and
climate context when the pollen assemblage from a set of samples with
different origins come from the same archaeological layer (Val-Peon
et al., 2019; Ochando et al., 2024b).

The pollen record of layers F and E (both Mousterian) may reflect the
last part of the GI-12 (Fig. 10). As regards layer F, there is a spread of
conifers and cool temperate forest with Pinus halepensis/pinea, Pinus
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nigra/sylvestris, Juniperus, Abies, and Picea, as well as a wide diversity of
temperate and warm temperate taxa, as with the increase of steppes with
Amaranthaceae at the end of the layer (Fig. 10). These data show a
general correspondence with the dynamics of GI-12 in Monticchio
sequence (ca. 46.7-45.6 ka), which shows high percentages of
temperate forest (deciduous Quercus, Ulmus, Carpinus betulus, and
Fraxinus), cool temperate forest (Abies, Fagus, Betula), and eurythermic
forest (Pinus and Juniperus) at the beginning of GI-12, with an increase in
grassland and dry shrubland (Poaceae and Cyperaceae) and xerophytic
steppes (Artemisia and Amaranthaceae) toward the end of the phase
(Watts et al., 1996; Allen et al., 2000, Fig. 10). Anthracological evidence
at Grotta delle Mura (Fiorentino and Parra, 2015) and Grotta S. Maria
D'Agnano (Fiorentino, 2012) support the prevalence of Pinus cf. hale-
pensis during the Late Pleistocene in the Apulia region.

As regards layer E, Monticchio and Uluzzo C sequences show an
opposite pattern of development of forest (Fig. 10). In Monticchio
sequence (ca. 45.6-45.1 ka), there was a greater openness of the land-
scapes with an increase in grasslands and xerophytic steppes, mainly
formed by Artemisia, Poaceae and Amaranthaceae (Fig. 10), while
Uluzzo C shows the increase of eurythermic conifers (Pinus and Junipe-
rus), warm temperate forest (evergreen Quercus, Fraxinus, Olea, and
Myrtus), and temperate forest (deciduous Quercus and Alnus).

In Uluzzo C (layers F and E), a diverse landscape can be inferred,
with patches of pine, oak, and juniper, steppe-like saltmarshes, Poaceae-
Artemisia steppes, riverine forest patches, Quercus-Poaceae parklands,
shrubby grasslands with patches of conifers and mesophytes, rocky
scrub with chamaephytes and hemicryptophytes, grasslands with
heaths, heliophytic shrublands, and litoral vegetation (Fig. 5). Inter-
estingly, the pollen spectra of Sector A and B for layers F and E shows a
considerable consistency, with all ecological groups and the main pollen
contributors presenting similar percentages in both sequences
(Supplementary Material 1, Fig. S13). Pollen assemblages display a
general landscape stability, showing abundant Amaranthaceae, Poa-
ceae, Pinus halepensis/pinea, Pinus nigra/sylvestris, Juniperus, Alnus,
Fraxinus, evergreen and deciduous Quercus, Olea, Artemisia, Cichor-
ioideae, and Plantago (Supplementary Material 1, Fig. S13). In addition,
it should be noted the appearance of exclusive taxa for layer F, such as
Abies, Picea, Carpinus betulus, Populus, Sambucus ebulus, Ephedra fragilis,
Polygonum, and Rubiaceae. Abies (<3 %) is currently absent from the
Apulia region, but it lives in Calabria at ca. 140 km from Uluzzo Bay and
might have been more abundant during MIS 3. Picea (<1 %) was
probably of distant origin, as it currently lives far away from the
northern Apennines, the Alps, and in the Balkan Peninsula.

The frequencies of Myrtus throughout the Uluzzo C pollen sequence
are remarkable, especially because Mediterranean myrtle (Myrtus com-
munis L.) pollen is poorly dispersed (mainly entomophily) and conse-
quently is underrepresented (Knight et al., 2005; Gonzalez-Varo et al.,
2009), suggesting a wider presence in the immediate vicinity of Uluzzo C
throughout the GI-12 and the GI-11.

The pollen results from Uluzzo C of layer D and layer C (both Uluz-
zian) are defined in Sectors A and B by the sediment samples. In layer D,
the majority of taxa are absent, and pollen preservation is poor. The
existence at Uluzzo C of the Y-6 tephra that was discovered at the base of
layer D (ca. 45.0-44.9 ka) is noteworthy (Figs. 7, 9 and 10). The pres-
ervation of pollen grains may have been impacted by an erosive phase
during the first part of the GS-12. This effect appears to have persisted
during the sedimentation of layer D until the recovery of the majority of
the taxa in layer C that were previously found in layer E. However,
several taxa persisted in layer D, such as Pinus halepensis/pinea, decid-
uous Quercus, Fraxinus, evergreen Quercus, Pistacia, Artemisia, Poaceae,
Amaranthaceae, Plantago, and Asphodelus (Supplementary Material 1,
Fig. S13), although these may also reflect reworked material. There is
also an issue with the sedimentation in the Monticchio record at this
time (ca. 45.1-44.7 ka), since the sequence is interrupted by an event as
evidenced by slump structures (Zolitschka and Negendank, 1996). This
may have affected the normal lacustrine sedimentation, and
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consequently the deposition and subsequent interpretation of the pollen
records derived from that level, as evidenced by the unusual increases in
temperate and cool temperate taxa, including deciduous Quercus, Ulmus,
Fagus, and Betula (Fig. 10).

The pollen record from Uluzzo C of layer C may reflect the last part of
the GS-12 and the beginning of the GI-11 (ca. 44.6-43.4 ka) and reveals
a dynamic of the alternate landscapes that is comparable to that of the
Monticchio record (ca. 44.7-43.4 ka) (Fig. 10). In both sequences, there
are two events of tree taxa expansion, represented by the ecological
groups of warm temperate forest, temperate forest, and eurythermic
conifers in Uluzzo C, and by the ecological groups of temperate forest,
cool temperate forest, and eurythermic conifers in Monticchio, with an
intermediate event of xerophyte, grassland, and dry shrubland expan-
sion (Fig. 9). Overall, at Uluzzo C, there was an openness of the land-
scapes with an increase in steppes, mainly formed by xerophytic
elements such as Amaranthaceae, Poaceae, Artemisia, Asphodelus, and
Lamiaceae. A wide diversity of secondary landscapes in the vicinity of
the site persisted, with shrubby grasslands with conifers, Quercus-Poa-
ceae parklands, mesophytes patches and heliophytic shrublands
(Supplementary Material 1, Fig. S13).

In Lago Grande di Monticchio, as well as in Ioannina (470 m asl),
Lake Ohrid (693 m asl), and Lake Prespa (849 m asl), an altitudinal
pattern can be seen, with larger populations of temperate trees reflecting
warmth and high humidity growing close to mid-altitude sites (Watts
et al., 1996; Allen et al., 2000; Tzedakis et al., 2002; Panagiotopoulos
et al.,, 2014; Donders et al., 2021), while small pockets of warm
temperate woodland featuring Mediterranean taxa reflecting summer
warmth and dryness are only found at sites at lower altitudes (<400 m
asl, e.g. Valle di Castiglione, Lagaccione, and Tenaghi Philippon) during
specific D-O cycles (Follieri et al., 1988, 1998; Magri, 1999; Fletcher
etal., 2010; Wulfet al., 2018). The pollen record from Uluzzo C reveals a
composition of the landscapes that is comparable to those of sites at
lower altitudes in regard to the principal warm temperate elements, with
some differences in the dynamics and frequencies, including Quercus,
Olea, Pistacia, Myrtus, and Fraxinus. According to this pattern, the
Mediterranean's interstadial vegetation may have zonated in response to
altitudinal climatic contrasts similar to the currently recognized biocli-
matic stages (Quézel and Médail, 2003; Tzedakis et al., 2013).

The pollen results from Uluzzo C are supported by the faunal re-
mains. Layer F documents a short-lived return to drier conditions,
characterized by an increased frequency of equids, a renewed presence
of wolves, and a marked decline in aurochs, a taxon typically associated
with humid environments. Layer E, in contrast, reflects a return to
humid conditions, dominated by cervids, bovids, wild boars, and
wolves, consistent with a mixed environment of forests and wet grass-
lands under cool climatic conditions.

The Uluzzian layers (layer D — SUs 21, 22, 25, 26, 27 and C - SUs 3,
15, 17) reflect a progressive environmental shift from more wooded and
humid conditions to increasingly open and fragmented landscapes.
Layer D is characterized by a faunal assemblage dominated by cervids
with a relatively low frequency of equids, large bovids and Sus scrofa,
suggesting forested or mixed environments with humid conditions.

In contrast, layer C shows a clear faunal shift, marked by a significant
increase in equids, large bovids, and Sus scrofa, along with the exclusive
presence of Rupicapra sp. (Silvestrini et al., 2022a), which is generally
associated with rocky, open, and colder environments. The presence of
Mustela nivalis, together with Rupicapra, may further support the infer-
ence of more open and possibly cooler conditions compared to the
preceding unit. The persistence of cervids, however, suggests that
Mediterranean evergreen woodland patches still persisted in the sur-
rounding landscape. These faunal trends are corroborated by micro-
mammal and avian studies, which point to a mosaic landscape of open
forests, grasslands, and steppe-like environments, closely matching the
macrofaunal evidence (Silvestrini et al., 2022a).

This trend closely parallels the ungulate assemblage from the Uluz-
zian layer EIII5 at Grotta del Cavallo, where aurochs dominate alongside
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red deer and equid, while fallow deer, indicative of denser woodland,
disappears. The sporadic presence of Equus hydruntinus and wild boar in
EII5 further supports the interpretation of a mixed but increasingly
open landscape (Boscato and Crezzini, 2012). Taken together, these
pollen and faunal records of Uluzzo C and Cavallo highlight a coherent
regional environmental shift during the Uluzzian, marked by alternating
warm-temperate woodland phases and open woodlandphases, likely
linked to the climatic oscillations of GS-12 and GI-11.

Based on their respective chronologies, the paleoenvironmental re-
cord of Uluzzo C can be directly compared with the stalagmite of Pozzo
Cucui Cave in Apulia, where 27 stratigraphically aligned U-Th dates were
utilized to create an age-depth model (Columbu et al., 2020). The un-
interrupted growth of the stalagmite from Pozzo Cuct Cave expanded
continuously from 106.0 + 2.8/-2.7 to 26.6 + 0.8/-0.9 ka, covering MIS
5-3 (Fig. 10). Given that continuous speleothem deposition is only
possible if rainfall recharged the karst reservoir and soil bioactivity
builds up high quantities of CO, into infiltrating water, the Apulia's
glacial climate may have been milder than other regions in the western
and central Mediterranean. More negative (positive) 520 readings in
Pozzo Cucl Cave indicate more (lower) rainfall during interstadials
(stadials), which correspond to the rainfall oscillations in Apulia over
DO cycles (Drysdale et al., 2009; Columbu et al., 2020). The generally
low 8'3C values and the lack of growth pauses in Pozzo Cucti Cave
provide compelling evidence for a continuously vegetated catchment of
the cave's drip water, with trees growing sparser during GSs and forests
expanding during GIs, which shows a general correspondence with the
dynamics of vegetation development in Uluzzo C (Fig. 10).

Similarly, and connected to the previous point, the question of
glacial refuges for woody taxa during the Pleistocene is crucial. Com-
bined studies in paleoecology and phylogeography have brought to light
the effects of plant species refuges on the pattern of biodiversity in mid-
and high latitudes (Huntley and Birks, 1983; Bennett et al., 1991; Willis
and Whittaker, 2000; Bhagwat and Willis, 2008; Provan and Bennett,
2008), on species diversity and endemism levels (Tzedakis et al., 2002;
Jansson, 2003), and on the persistence of glacial traces left by past
glacial patterns that partially explain the distribution and richness of
forest formations in North America and Europe (Svenning and Skov,
2007). In particular, the Apulia region includes a significant number of
endemic vascular plants, indicating its distinctive phytogeographical
character with respect to other southern Italian peninsular regions and
proving its long-term refugee status (Peruzzi et al., 2014). Therefore,
from a palaeoecological perspective, Uluzzo C appears as a unique
palaeofloristic record in southern Italy, in relation to the palae-
oenvironment of last Neanderthals and early modern humans, high-
lighted by a high plant diversity, typical of the glacial refugia in the
southern European regions (Follieri et al., 1998; Magri, 1999; Magri and
Sadori, 1999; Giardini, 2007; Pini et al., 2010).

The Neanderthal and modern human groups that inhabited Uluzzo C
were undoubtedly experts in diverse ecosystems, along with wooded
ravines, in areas that combined the coastal platforms, the rocky cliffs,
and the inland plains of the Salento Peninsula, as demonstrated by
integrating faunal, chronological and paleoclimatic data from other sites
(e.g.: Grotta di Santa Croce, Grotta del Cavallo, Riparo L'Oscurusciuto,
and Pozzo Cuclu Cave - Boschin et al., 2022). Likewise, the use of
plant-based resources for food and technology cannot be disregarded
(Ward et al., 2012a, 2012b; Hardy, 2018; Zilhao et al., 2020). In the
specific case of Middle Paleolithic populations, Salazar-Garcia et al.
(2013) suggest that Neanderthals consumed a wide variety of plant re-
sources, and analyses of dental calculus have highlighted instances of
Neanderthals using plant resources for medicinal purposes or as part of
their diet (Buck and Stringer, 2014; Fiorenza et al., 2011; Henry et al.,
2014; Weyrich et al.,, 2017). Besides, several recent studies have
demonstrated the importance of plants to the diet of hominids (Barton
et al., 1999; Carrion et al., 2008, 2018; Hardy et al., 2012; De Vynck
etal., 2016; Ochando et al., 2019, 2020a, b, ¢, 2024b), as attested by the
oldest Italian evidence of flour processing by Neanderthals and Homo
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sapiens in two sites, Riparo Bombrini and Grotta di Castelcivita, where
there is the first direct evidence of starch grains in association with use
wear traces (Mariotti Lippi et al., 2023). This technology is documented
also during the Italian Gravettian at the Bilancino open-air site (Tus-
cany), and Grotta Paglicci (Gargano, Apulia) (Aranguren et al., 2007;
Aranguren and Revedin, 2008; Mariotti Lippi et al., 2015), where
grinding tools preserved starch grains on their surfaces that were pri-
marily similar to cattail (Typha sp.) rhizomes and grass caryopses
(Poaceae) (Bilancino), and oats and acorns (Paglicci).

According to Henry et al. (2014), the available archaeological data
from Middle Stone Age Africa and Middle and Upper Paleolithic Eurasia
indicates that Neanderthals were as reliant as early humans on plant
foods. In this sense, the recent study carried out by Florin and Ramsey
(2025) proposed a new Broad Spectrum Species hypothesis based on the
archaeobotanical evidence for the early use and processing of plant
foods since at least the Middle Paleolithic. Thus, we anticipate that both
Neanderthals and modern humans used a broad range of plant foods,
adapting their diet to the available resources, even in the most severe
conditions. Thereby, we can add to the human diet the possibility of a
broad spectrum of edible plants that likely grew in the proximity of
Uluzzo C, such as hazelnut (Corylus avellana), walnut (Juglans regia),
dwarf elderberry (Sambucus nigra), olive (Olea europaea), cattail (Typha
sp.), tubers of asphodels (Asphodelus sp.), asparagus (Asparagus sp.),
Poaceae (wild cereals), and probably wild Rosaceae.

As a final remark we need to underline that the paleoenvironmental
data from Uluzzo C support the idea that the climatic-environmental
changes in southern Italy from the Neanderthals to modern human
populations were relatively minor on a millennial timeframe (e.g., D/O
cycles), as indicated by the work on Pozzo Cuclt Cave (Columbu et al.,
2020). According to Boschin et al. (2022), the Apulia region offered
resources and suitable stable climatic conditions for both late Nean-
derthal persistence and the early settling of modern human populations.
In this scenario, the well-dated Palaeolithic sequences found in central
and southern Italy allow for a comprehensive reconstruction of events
between the demise of the Neanderthal population and the arrival of the
first modern humans (Supplementary Material 1, Tables S1-S4). Ex-
amples of this include Grotta dei Santi and Grotta La Fabbrica in Tuscany
(Ochando et al., 2025), Grotta del Cavallo (Sarti and Martini, 2020;
Moroni et al., 2018; Zanchetta et al., 2018; Higham et al., 2024), Riparo
dell'Oscurusciuto in Apulia (Higham et al., 2024), Grotta di Castelcivita
and Grotta della Cala in Campania (Higham et al., 2024). As several
authors have previously reported (e.g. Moroni et al., 2018; Arrighi et al.,
2020; Marciani et al., 2020, 2025), a clear behavioural gap exists at
these sites in the techno-typological setting of lithic industries and other
significant aspects of material culture between the Mousterian and
Uluzzian technocomplexes, ascribed to Neanderthals and Homo sapiens,
respectively, also basing on the human remains found at Grotta del
Cavallo (Benazzi et al., 2011; Sarti and Martini, 2020), which consist of
four Neanderthal teeth from the Mousterian series (Fabbri and Vincenti,
2020) and two modern teeth from the Uluzzian layer EIII (Benazzi et al.,
2011). Significant differences have also been highlighted in the exploi-
tation of animal resources at Grotta del Cavallo (Boscato and Crezzini,
2012), despite the shared macrofaunal context. All this evidence is
corroborated by stratigraphic and chronological data (Higham et al.,
2024; Villa et al., 2018), which indicates a gap of a few thousand years
(2000-4000) between the Mousterian and Uluzzian occupations in both
central and southern Italy.

6. Conclusions

The Apulia-Basilicata region enables comprehensive and in-depth
reconstructions of the events that elapsed between the demise of Ne-
anderthals and the arrival of early modern humans in the Italian
Peninsula, based on well-dated archaeological, palaeobotanical, pale-
ontological and paleoclimatic data.

As evidenced by the identification of the tephra PGT/Y-6 (ca.
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45.0-44.9 ka) between the Mousterian layer E and the Uluzzian layer D,
and by other tephrochronological constraints, paleoenvironmental
variability can be consistently dated between ca. 46.6 ka and 43.4 ka,
offering the opportunity of a direct synchronization of the Uluzzo C
composite record with nearby marine and terrestrial paleoclimatic
records.

The sediment pollen record from Uluzzo C provides an additional
and unique opportunity to reconstruct the palaeoenvironment encoun-
tered by the Late Italian Neanderthals and early modern humans during
a relatively short interval of the Late Pleistocene, precisely constrained
between the second part of the Greenland interstadial 12 (GI-12) and the
onset of the GI-11.

Archaeological sites like Uluzzo C, located in physiographically
distinct scenarios from lake and mire sites, can provide important in-
sights into the location of glacial reservoirs of specific plant species and
the palaeovegetation along the coast. The pollen assemblages described
here (i) indicate the presence of vegetation with a higher plant diversity
and a more humid environment than today, which emerges as an
optimal mesothermic refuge for the Late Pleistocene, even if it is
impossible to verify the continuing local presence of tree populations
across GS-12 due to the almost complete lack of pollen from Layer D; (ii)
stand out as a unique coastal palaeofloristic record in southern Italy,
distinguished by a mixed oak-pine habitat throughout the GI-12 (layers
F and E), and the GS-12 - GI-11 (layer C); and (iii) satisfactorily correlate
with lacustrine pollen records, with rainfall oscillations (PC 5'%0) in
Apulia during D-O cycles, and with the faunal remains.

The data produced by our study propose substantially unchanged
palaeoecological conditions during the shift from Middle to Upper
Palaeolithic, despite the clear shifts in populations and industries. It
follows that paleoenvironmental factors were not the main reason why
Neanderthals abandoned the Uluzzo Bay and, possibly, southern Italy,
around 45,000 years ago.
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