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ABSTRACT: The transition from the Last Glacial Maximum to the Late Glacial marked a shift from the cold
conditions of Greenland Stadial‐2 (GS‐2) to the warmer phases of Greenland Interstadial‐1 (GI‐1), enabling the
reoccupation of Alpine regions by Late Palaeolithic hunter‐gatherers. Riparo Tagliente, a rockshelter in
northeastern Italy, preserves the most extensive Late Glacial stratigraphy in the southeastern Alps and provides
key evidence for early human re‐settlement by Late Epigravettian groups. To investigate environmental
conditions and resource stability, we analyzed stable carbon and oxygen isotopes (δ13Ccarb, δ

18Ocarb) in enamel
carbonate from red deer (Cervus elaphus) second and third molars across stratigraphic units 13 to 5, spanning
GS‐2.1a to GI‐1. Tooth δ13C values reflect a diet based on C3 plants within relatively open woodland
environments, showing limited change across climatic transitions. Intra‐tooth δ18O profiles record seasonal
conditions, summer in M2 and winter in M3, and were used to estimate past temperatures. Reconstructed mean
monthly winter temperatures reached −3.1°C in layer 10, with summer temperatures rising to ~16°C in layer 9
during GI‐1. These results highlight environmental continuity in red deer ecology despite climate fluctuations,
suggesting that stable, open habitats supported sustained human use of the site throughout the Late Glacial.
© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.

KEYWORDS: carbon isotope; Cervus elaphus; enamel carbonate; late glacial; oxygen isotope

Introduction
The Late Glacial period (ca. 17.5–11.7 kcal a BP) was marked by
abrupt climatic changes, which triggered widespread environ-
mental transformations across Europe (Björck et al., 1998;
Magny et al., 2006; Ivy‐Ochs et al., 2008; Lambeck et al., 2014;
Monegato et al., 2015). Following the Last Glacial Maximum
(LGM), the transition from cold, arid steppe landscapes to more
temperate, forested environments unfolded through a series of
climatic oscillations. These shifts are well documented in
Greenland ice‐core records and other high‐resolution proxies,
which capture alternating cold stadials and warmer interstadials
known, respectively, as Greenland Stadial (GS) and Greenland
Interstadials (GI) (Rasmussen et al., 2014). In particular, the
transition from GS‐2.1a to GI‐1 encompasses a period of
increasing climatic variability, culminating in the relatively
warm Bølling–Allerød Interstadial (GI‐1), followed by a return
to colder conditions during the Younger Dryas (GS‐1).
These climatic fluctuations shaped ecosystems across the

continent, influencing the distribution of flora and fauna and
the subsistence strategies of prehistoric humans. In northern
and central Europe, glacial and periglacial conditions limited
forest cover and reduced resource diversity, often pushing
Late Palaeolithic foragers into more marginal environments
(Willis et al., 2000; Magyari et al., 2014). By contrast, southern
European regions, including the southern Alps, offered

relatively stable and ecologically rich habitats (Monegato
et al., 2015). Palynological and paleolimnological data from
northeastern Italy indicate the development of boreal and open
woodlands, productive wetlands, and milder microclimates,
especially during the Late Glacial Interstadial (Frisia
et al., 2005; Filippi et al., 2007; Heiri et al., 2007; Ravazzi
et al., 2007). These favorable conditions made the south-
eastern Alps a key refugial zone and corridor for both fauna
and human populations during a time of major climatic
transition (Cusinato & Bassetti, 2007; Montoya et al., 2018).
Within this environmental setting, the Late Epigravettian

culture flourished. Associated with mobile hunter‐gatherer
groups, the Epigravettian represents the final phase of Upper
Palaeolithic in Italy, spanning from the LGM to the
Pleistocene–Holocene transition. Characterized by a struc-
tured settlement system and complex subsistence strategies,
Late Epigravettian groups adapted to changing ecological
conditions (Bietti, 1990; Ruiz‐Redondo et al., 2022). In the
southern Alpine foothills, these groups exploited a diverse
landscape of uplands and valley‐bottoms. Faunal remains from
key sites, including Riparo Tagliente, demonstrate a strong
focus on red deer (Cervus elaphus), alongside ibex (Capra
ibex), small mammals, and aquatic resources Fontana
et al., 2009; Bertolini et al., 2016; Manzella et al., 2024).
Understanding how these hunter‐gatherers responded to
seasonal and climatic changes requires the integration of
archaeological, paleoenvironmental, and biological data.
One powerful approach to reconstructing past environmen-

tal conditions and subsistence dynamics is stable isotope
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analysis of animal tooth enamel. Carbon (δ13C) and oxygen
(δ18O) isotopic compositions in enamel bioapatite reflect an
animal's diet and the water that it ingested during tooth
formation, thus capturing signals related to vegetation type,
habitat structure, and climate (Kohn et al., 1998; Koch, 2007).
Under typical Late Pleistocene burial conditions, enamel
carbonate is considered diagenetically robust and capable of
preserving primary biogenic δ13C and δ18O values (e.g., Kohn
and Cerling, 2002; Lee‐Thorp and Sponheimer, 2003). The
δ13C values primarily reflect the isotopic composition of
consumed plants. In C3‐dominated ecosystems such as those
of Late Glacial Europe, δ13C values are useful for distinguish-
ing between open and closed environments (Tieszen, 1991;
van der Merwe & Medina, 1991; Bocherens et al., 1996).
Indeed, C3 plants in dense, closed‐canopy forests typically
show δ13C values ranging from −28‰ to −37‰, due to the
higher concentration of CO2 and low‐light conditions com-
bined with a relatively high‐humidity effect (Medina
et al., 1986; van der Merwe & Medina, 1989, 1991; Cerling
et al., 1997). In contrast, less negative values (≥–27‰) are
associated with C3 plants from open and typically drier
environments, such as grasslands or steppe areas
(Bocherens, 2003). The δ18O values reflect the isotopic
signature of meteoric water ingested through drinking and
plant moisture. Because δ18O in precipitation varies seasonally
and geographically, intra‐tooth variation in δ18O can provide
insights into seasonal shifts in temperature or hydrological
conditions (Kohn et al., 1998; Koch, 2007).
Among large herbivores, red deer are particularly valuable

for such analyses. Ecologically adaptable and widely distrib-
uted, red deer can inhabit open steppes, forest edges, and
mountainous environments. Their feeding strategy, as oppor-
tunistic mixed feeders, makes them sensitive indicators of
vegetation and landscape structure (Heptner et al., 1989).
Moreover, their role as a primary prey species links them
directly to human foraging strategies. Interpreting δ13C and
δ18O values in red deer enamel thus offers a dual advantage:
reconstructing environmental conditions and assessing prey
behavior relevant to Late Palaeolithic subsistence.
Stable isotope studies of red deer have been widely applied

across Europe to explore climatic patterns, mobility, and
seasonal availability of prey (e.g., Balasse et al., 2002; Stevens
et al., 2011; Drucker et al., 2024). However, such applications
remain limited in the eastern sector of the Italian Alps. While
this biogeochemical analysis has been applied for paleodietary
reconstructions from human remains (Gazzoni et al., 2013;
Oxilia et al., 2021) and paleoecology studies on faunal
assemblages using bulk carbon and nitrogen isotopes
(Manzella et al., 2024), high‐resolution enamel‐based studies
of red deer mobility and seasonality remain scarce. This gap is
particularly striking, given the region's environmental com-
plexity and archaeological richness during the Late Glacial.
This study addresses that gap through the analysis of δ13C

and δ18O values in red deer molars from Riparo Tagliente, a
Late Epigravettian rockshelter located in the Lessini Moun-
tains of northeastern Italy. With a well‐stratified sequence
spanning the Late Glacial climatic oscillations, from the first
part of the Late Glacial to the temperate Bølling–Allerød
Interstadial, the site offers an ideal context for reconstructing
faunal ecology and evaluating how hunter‐gatherers re-
sponded to environmental change (Fontana et al., 2009, 2018;
Peresani et al., 2021). The faunal assemblage is dominated by
red deer, providing a solid data set for isotopic investigation.
A full description of the site and stratigraphy is presented in
the following section.
The objectives of this study are threefold. First, we explore

dietary ecology and habitat use of red deer using δ13C values,

which primarily reflect vegetation structure and environmental
variability during enamel formation. Second, we analyze intra‐
tooth δ18O variability to explore seasonal signals, particularly
winter–summer temperature contrasts that reflect short‐term
climatic conditions. Third, we interpret these isotopic signa-
tures in the context of human subsistence strategies, consider-
ing the seasonal availability, predictability, and habitat use of
red deer in shaping Late Epigravettian foraging behavior. By
integrating isotopic data with archaeological and paleoecolo-
gical records, this study contributes to our understanding of
Late Glacial hunter‐gatherer adaptations in the southern Alps.
It highlights how seasonal climate patterns and landscape
diversity structured the availability of key prey species and
influenced human decision‐making at a regional scale.

The Epigravettian sequence of Riparo
Tagliente
Human presence is not documented in the Southern Alps during
the LGM, with Late Gravettian and Early Epigravettian assem-
blages identified so far only in the eastern Berici Hills (Riparo del
Broion, Trene, Paina, Stria, and Buso Doppio caves), a moderate
relief located in the northern portion of the Venetian plain
(Bertola et al., 2018; Peresani et al., 2021). Late Epigravettian
groups reached the southern Alpine slope only after the sharp
climatic and environmental changes of the LGM.
The site of Riparo Tagliente preserves the most complete

Late Glacial stratigraphic sequence and provides the earliest
evidence of reoccupation along the southern side of the Alps
after the end of the LGM at the beginning of GS2.1a (Ravazzi
et al., 2007; Fontana et al., 2009, 2018). This rockshelter is
located in the village of Stallavena di Grezzana, near Verona
in northeastern Italy. It lies beneath a limestone rock wall in
Valpantena, a major valley in the Monti Lessini, at an altitude
of 226m above sea level (a.s.l.) (Fig. 1). Riparo Tagliente's
earliest occupation predates those of the Alpine highland
settlements, such as Grotta Clusantin (520 m a.s.l.), Val Lastari
(1060m a.s.l.), Riparo La Cogola (1070m a.s.l.), Riparo
Dalmeri, and Le Regole (1240m a.s.l.), which were occupied
at the onset of the temperate Bølling–Allerød Interstadial
(Bertola et al., 2007). Its strategic position at the intersection of
diverse topographic zones, including the plain, valley bottom,
rocky slopes, and the top of the plateau, likely contributed to
its repeated occupation (Bartolomei et al., 1982; Fontana
et al., 2009).
The site of Riparo Tagliente was first discovered in 1958 by

Mr. Francesco Tagliente (Zorzi & Mezzena, 1962), with initial
excavations carried out between 1962 and 1964 by the Museo
Civico di Storia Naturale di Verona. From 1967 onward, the
University of Ferrara resumed and continued systematic
excavations. Early research (until the mid‐1970s) focused on
the excavation of a long trench running transversely across the
shelter to investigate the full stratigraphic sequence. This
trench divides the site into two excavation sectors: southern
and northern, each with an inner area sheltered by the rock
wall and an exposed outer area. Excavations in the trench area
reached depths of 4.6 m, revealing two major deposits
separated by a river erosion. The lower deposit contains
Mousterian and Aurignacian material culture (the latter only in
a small internal area), whereas the upper deposit yielded
abundant Late Epigravettian evidence (Fig. 1), indicating
repeated occupation during the Late Glacial, and specifically
during GS‐2.1a and the first part of GI‐1 (Bartolomei
et al., 1982; Fontana et al., 2009, 2015, 2018). The Late
Epigravettian sediments at Riparo Tagliente are unevenly
distributed—about 100 cm thick inside the shelter and over

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 716–731 (2026)
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2m in the external area. This pattern is attributed to a differing
site use, with inner areas kept cleaner and debris accumulating
outside. Additionally, medieval excavation activities severely
disturbed the inner deposits, preserving only limited portions
(Bartolomei et al., 1982; Fontana et al., 2009, 2018, 2015).
Overall, the Late Epigravettian sequence is characterized by an
intense human activity, as reflected in the material culture,
including lithic industries, dwelling structures, mobile art,
ornaments (shells and animal teeth), nodules, and fragments of
goethite and hematite, and an in situ burial, alongside
abundant faunal remains (Bartolomei et al., 1982; Cilli
et al., 2006; Fasser et al., 2022, 2024; Fontana et al., 2009;

Gazzoni et al., 2013; Cavallo et al., 2017). From a sedimento-
logical perspective, the Epigravettian deposit is divided into
two subunits: a lower sequence (layers 18–15) and an upper
one (layers 14–5) (Fig. 1). Both are set in a loess matrix, with
the lower deposits containing denser coarse breccia than the
upper ones. Multiproxy data, including sediment analysis,
pollens, malacofauna, and small and large mammal remains,
indicate the presence of two environmental phases. According
to palynological data, the lower levels (18–15) reflect a cold,
arid steppe environment, while layer 14 marks the transition to
a more temperate climate with grasslands and mixed wood-
land (conifers and deciduous species). In layers 10d and 9,

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 716–731 (2026)

Figure 1. (a) Geographic location of Riparo Tagliente (226m a.s.l.) in Veneto, NE Italy (ArcGIS Pro 3.2.0 elaboration by M.
Amanova). (b) Stratigraphic sequence of the external trench zone. The dashed line indicates the erosion surface separating the Late Epigravettian
sequence from the Mousterian and Aurignacian unit (modified from Fontana et al., 2018). (c) Stratigraphic section of the external trench. In this area,
the Aurignacian levels are not detected (modified from Bartolomei et al., 1982).

718 JOURNAL OF QUATERNARY SCIENCE

 10991417, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jqs.70069 by C

ochraneItalia, W
iley O

nline L
ibrary on [01/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



broadleaves and especially Corylus increase (Bartolomei
et al., 1982). Herbivores were a primary food resource for
Late Epigravettian groups at Riparo Tagliente. Red deer is the
most represented species throughout the stratigraphic se-
quence (number of Identified Specimens or NISP= 4522),
with 52.5% of the identified specimens. First documented in
layer 15, its frequency increases from levels 12 to 10, peaking
in the upper layers (71.5% in layer 8). Roe deer, present from
layer 14, is the second most frequent ungulate. Water‐
associated species such as moose (Alces alces) are also
relatively common in layers 11–15, further indicating environ-
mental variability during the Late Glacial period. From a
stratigraphic perspective, large mammals from the lower
Epigravettian layers of Riparo Tagliente (18–14) are dominated
by species adapted to open and cold environments, particu-
larly Alpine ibex (C. ibex) (NISP= 832), associated with Bison
and Bos. In contrast, the upper levels (12–5) reflect milder
conditions and an increase in temperate species such as red
deer (C. elaphus), roe deer (Capreolus capreolus), and wild
boar (Sus scrofa). Level 13 shows both faunal assemblages in
roughly equal proportions (Bartolomei et al., 1982; Rocci
Ris, 2006; Fontana et al., 2009). According to the latest studies
of micromammal remains, the bottom layers (15–12) are
dominated by Microtus arvalis and Microtus (Terricola) gr.
Multiplex‐subterraneus (over 75% of the entire assemblage).
The record starts to change in Macrounit 11, where an increase
in biodiversity and water component is suggested by the
presence of Arvicola amphibius, while M. arvalis decreases
and the attested species are more evenly distributed in the
assemblage without a dominating one, probably reflecting an
increase in woodland and water components. Nevertheless,
the two uppermost Macrounits (layers 8–9 and 5–7) have a low
MNI with an assemblage dominated by M. arvalis, and, thus,
characterized by a low biodiversity. Overall, the climate
reconstruction based on small mammals from Riparo Tagliente
indicates an increase in temperatures (especially MAT and

MTW) starting from layer 11. However, throughout this
warming‐up phase, the assemblage continues to record
relative stability of the open environments in Valpantena,
along the southern Alpine fringe (Berto et al., 2018).
Radiocarbon dating performed on human remains, char-

coals, and animal bones from the Epigravettian layers indicates
that the sequence spans from approximately 17.2 k cal a BP
(layer 13a alpha) to 13.4 k cal a BP (layers 8–10), placing the
Late Epigravettian unit of Riparo Tagliente among the most
complete in northern Italy (Fig. 2) (Fontana et al., 2018). For
the oldest layers, radiocarbon dating performed on charcoal
remains from the trench area (layers 15–16) in the 1980s
indicates a time span between 16.8 and 15.5 k cal a BP. This
age is superseded by more recent dating of animal bones from
the bottom layers of the inner area (Northern sector, layers 13a
alpha and 300), which span 17.2–16.6 k cal a BP. Meanwhile,
a date from layer 13a (16 438–15 941 cal a BP) is in close
agreement with those from the trench. All these dates clearly
locate the bottom layers of Riparo Tagliente in early Oldest
Dryas (GS‐2.1a) (Fontana et al., 2018). The dates from the
burial and a human mandible associated with the same
individual refer to the same time range: rib and femur of
Tagliente 1 yielded an age of 16 130–15 570 cal a BP and
16 460–16 130 cal a BP, respectively; molar of Tagliente 2 has
been radiocarbon dated to 16 980–16 500 cal a BP (Gazzoni
et al., 2013; Bortolini et al. 2021; Yavuz et al., 2024). Pending
the new radiometric datings currently in progress and relying,
for the moment, on the old dates obtained from charcoals
found in the trench, the transition between the Oldest Dryas
and the Late Glacial Temperate Interstadial (GI‐1c1) would
occur in correspondence to layers 10‐8 (14 535–13 472 cal a
BP). Moreover, the dates obtained from animal bones in levels
10e and 10c in the 1990s seem to place these levels in the final
phase of the Oldest Dryas (16.5–15.2 k cal a BP), with the date
from 10a marking the transition (15 537–14 243 cal a BP). One
dating is considered unreliable for its wide standard deviation

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 716–731 (2026)
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Figure 2. Plot of the radiocarbon dates for the stratigraphically coherent units of Riparo Tagliente. Layers 10–8 to 15–16 (upper part) correspond to
samples from the trench area and were dated before the 2000s; layers 13 (trincea), 13a, 300, and 13aα were dated after the 2000s and derive from
samples recovered during extensive excavations in the northern sector. Ages are calibrated with OxCal 4.4 software (Bronk Ramsey, 2021) using the
IntCal20 curve (Reimer et al., 2020).
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(layer 14: 15 271–13 095 cal a BP), while those from layers
352 (16 638–16 179 cal a BP) and 419 (14 966–14 175 cal a
BP) do not correspond to their stratigraphic position, making
them either older or younger than expected (Fontana
et al., 2018). For clarity, the plot shown in Fig. 2 includes
only the dates considered reliable from both the trench area
and the Northern sector.

Materials and methods
Material selection

Dental material can serve as a chronological record of an
individual's diet over a specific period of life as well as of the
associated climatic conditions. To reconstruct the seasonal
change in the diet and habitat of the red deer from Riparo
Tagliente, sample selection focused on the latest‐forming
permanent third molar (M3) and, whenever possible,
the second permanent molar (M2). The seasonal changes
recorded in the enamel correspond to the duration of the crown
formation (mineralization) of the teeth (e.g., Balasse et al., 2003).
The mineralization period of teeth in herbivores begins prior to
tooth eruption and is fully completed before the eruption process
concludes (Kohn et al., 1998; Kohn & Cerling, 2002). Red
deer's second molars erupt between 12 and 16 months, and third
molars erupt between 21 and 32 months after birth
(Godawa, 1989; Brown & Chapman, 1991a; Azorit et al., 2002).
Based on the radiographic observations of modern red deer
jawbone by Brown & Chapman (1991b), the mineralization of
the second molar in red deer takes place between 3 and
9 months, and the third molar between 9 and 26 months.
Therefore, the second molars should provide a record of one
summer and/or winter of the first year and the third molars should
provide a record of the whole one‐year season of the second year
of life. It should be noted that mineralization of the second molar
theoretically overlaps with the pre‐weaning period (6–8 months;
Clutton‐Brock et al., 1982), during which the consumption of
maternal milk can result in an 18O‐enriched body‐water signal
(Stevens et al., 2011).
The collected teeth come from the upper stratigraphic units

of Riparo Tagliente, dated to the Late Epigravettian (Bartolomei
et al., 1982; Fontana et al., 2009). Namely, they belong to the
following layers (or tagli as they were originally named): 5, 6,
7, 7b, 8, 9, 10a, 10b, 10c, 10d, and 13. We excluded the
specimens from uppermost layers (1, 4, 4a, and 4b), which
were reworked in ancient times and could not be attributed to
a specific phase of occupation. We did not have any adequate
samples from layers 11, 12, and 14. Depending on the
archaeological layer, either the right or left M3 was system-
atically selected to ensure that different individuals were
represented and to avoid analyzing the same individual more
than once. Since only the third molar can be safely identified
for isolated teeth, some associated M2 could be sampled only
when they were still enclosed in the jawbone. We aimed at
selecting and sampling only intact teeth, avoiding breaks and
large fractures, since they might contain potential diagenetic
carbonates that can contaminate our samples for isotope
analysis. In total, 42 red deer teeth, i.e., 33 lower third molars
and 9 lower second molars, were selected for carbonate (CO3)
isotopic analysis (see Table 1 for details). The dental enamel of
these lower molars was analyzed for stable oxygen (18O/16O)
and carbon (13C/12C) isotope ratios.

Sampling of materials

Enamel sampling was performed on the buccal (labial) side of
the teeth, which provides a smooth and accessible area where

the enamel is relatively thick, as it is standard practice in high‐
resolution isotopic studies (e.g., Price et al., 2017; Stevens
et al., 2011). One tooth (RPT‐36) was sampled differently
because the buccal surface was affected by a wide crack. The
M3 was sampled on the mesial (anterior) or middle loph (e.g.,
Fig. 3). Whenever possible, sampling was performed on the
distal (posterior) loph of the M2 that is adjacent to the mesial
loph of M3, which might help record a more extended
seasonal sequence.
Teeth enamel surfaces were mechanically cleaned using a

diamond‐coated drill bit to remove adhering sediments and
surface contaminants. The drill bit was periodically rinsed with
Milli‐Q water to prevent cross‐contamination, and no chemi-
cal cleaning agents were used. A series of horizontal bands of
enamel were then collected along the crown using the
diamond‐coated drill bit. These successive bands were
sampled from the top to the bottom of the crown, that is,
from the occlusal surface to the enamel–root junction (ERJ)
(e.g., Fig. 3). The ERJ point was used as a reference point for
measurement of the band distances (reported in the plotted
graphs). In the case of an isolated tooth without a preserved
root or a tooth still embedded in the jawbone, the reference
point 0 corresponds to the visible bottom part of the crown.
Between 11 and 5 bands per tooth were obtained from molars
M3 and M2, whose crowns’ heights range from 27.6 to
12.7 mm. For each sampled band, about 10–15mg of enamel
powder was cautiously collected, avoiding the underlying
dentine, which could induce isotopic alteration in the enamel
bioapatite. In addition, 18–20mg of dentine powder was also
collected only from third molars to control the quality of the
isotope analysis of the samples. A total of 303 sample tubes of
enamel and 31 of root dentine were prepared for the pre‐
treatment phase (Table 1).

Carbonate pre‐treatment

The pre‐treatment procedure of the samples was carried out
following the protocol used at the laboratory of the working
group Biogeology from the Department of Geosciences of the
University of Tübingen. The pre‐treatment phase involved
adding 1.35mL of sodium hypochlorite (NaOCl) at a
concentration of 2.5% to enamel powder samples to remove
the organic composition. Then, samples were placed on a
shaking plate (Heidolph Vibramax 100) for 24 h. The next day,
vials were centrifuged for 5min at 5000 rpm (ca. 2430 x g) to
separate liquids from solids, after which the NaOCl (2.5% Cl)
solution was removed, and samples were rinsed three times
with Millipore water (Milli‐Q H2O) to wash NaOCl off. This
step was repeated twice for the dentine samples. Afterward, to
remove all the diagenetic carbonates, the samples were
reacted with 1M acetic acid‐buffered solution (CH3COOH)
for 24 h (e.g., Koch et al., 1997; Wright & Schwarcz,
1998; 1999). As on day one, the samples were again placed
on the shaking plate at 450 rpm for 24 h. The process on the
last day consisted of centrifugation, removing the buffered
solution, which was also accompanied by rinsing three times
with Milli‐Q water. In the end, the samples were allowed to
dry in an oven set at 35°C for 72 h.

IRMS measurement

The isotope compositions of pretreated enamel (carbonates)
were measured using the isotope ratio mass spectrometry
(IRMS) in the Senckenberg Centre for Human Evolution and
Palaeoenvironment at the University of Tübingen. For IRMS,
we took 2.5–3.0 mg of carbonates, dentine samples, and in‐lab
standards (enamel of elephant and hippo fossils from Chad),

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 716–731 (2026)
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which were subjected to the same pretreatment as the other
enamel samples. Vials with carbonates were then placed in the
heated sample tray in the MultiFlow‐Geo preparation system,
where they were reacted with highly concentrated (~99%)
phosphoric acid (H3PO4) at 70°C for 4 h. From this equilibra-
tion, the carbonate was obtained as CO2 gas and sent through
the MultiFlow‐Geo system to the Elementar IsoPrime100
IRMS, where CO2 was measured four times within 15min to
obtain the isotopic values.
Measured isotopic ratios are reported as mean values that

were calibrated with two international standards (IAEA‐603
with δ13C=+2.46‰ and δ18O= –2.37‰ and NBS‐18 with
δ13C= – 5.01‰ and δ18O= –23.20‰) using “LyticOS” soft-
ware. Additionally, three in‐house standards (pure carbonate
Laaser Marmor with δ13C=+1.50‰ and δ18O= –5.20‰,
elephant with δ13C= –10.55‰ and δ18O=+1.80‰, and
hippo with δ13C= –3.80‰ and δ18O= –2.10‰) were ana-
lyzed alongside to monitor accuracy and precision. The final
carbonate δ13Ccarb and δ18Ocarb mean values obtained from
the IRMS measurements are presented versus the VPDB

standard (in ‰). In addition, δ18Ocarb values in VPDB were
also converted into the VSMOW scale (in ‰) using the
following equation of Coplen (1988):

δ δ= ( × ) +O O1.03091 30.91VSMOW VPDB
18 18 (3.1)

The measurement uncertainty was monitored using three
in‐house standards. The overall analytical precision is better
than 0.1‰ for carbon (δ13C) and better than 0.2‰ for oxygen
(δ18O) isotopic values.
The carbonate (CO3) content is calculated based on peak area

versus weight of carbonate sample scaled up to 100% CO3 for
IAEA and NBS standards, and 5.1% CO3 for the hippo enamel.

Calculation methods for air temperature (Tair)

To calculate temperatures recorded by the red deer teeth
during summer and winter, we converted the measured
minimum and maximum δ18Ocarb values along sinusoidal
curves into δ18O values of drinking water consumed by the red

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 716–731 (2026)

Table 1. Final list of the selected teeth of red deer (Cervus elaphus).

Lab ID Excavation ID SU Tooth Bands N ERJ point Crown height (mm)

RPT‐R6 RT81 Q35/9 #9138 5 Lower M3 Left 7 Yes 23.5
RPT‐R7 RT q20/4 #6574 5 Lower M3 Left 5 No 17.6
RPT‐R8 RT q631 #6757 6 Lower M3 Right 8 Yes 21.1
RPT‐R9 RT81 q50/5 #9488 6 Lower M3 Left 7 No 18.0
RPT‐R10 RT81 q50/6 #9475 6 Lower M3 Left 6 Yes 16.6
RPT‐R11 RT q23 #7001 7b Lower M3 Right 9 Yes 23.2
RPT‐R12 RT q9 #6920 7 Lower M3 Right 10 Yes 24.0
RPT‐R13 RT81 q21/8 7 Lower M2 Right 8 Yes 15.5
RPT‐R13 RT81 q21/8 7 Lower M3 Right 8 Yes 19.1
RPT‐R14 RT q6 #6839 7 Lower M3 Right 7 Yes 18.6
RPT‐R15 RT81 q35/7 #7002 7 Lower M3 Right 8 Yes 19.3
RPT‐R16 RT q6 #6850 7 Lower M2 Right 5 No 12.7
RPT‐R16 RT q6 #6850 7 Lower M3 Right 6 No 13.0
RPT‐17 RT62 Q20/7 #7636 8 Lower M3 Right 8 Yes 20.7
RPT‐18 RT8 q6 #7628 8 Lower M2 Right 9 No 17.3
RPT‐18 RT8 q6 #7628 8 Lower M3 Right 8 Yes 21.1
RPT‐19 RT Q36/3 #7643 8 Lower M2 Right 6 Yes 16.6
RPT‐19 RT Q36/3 #7643 8 Lower M3 Right 6 Yes 18.6
RPT‐20 RT Q6 #7556 8 Lower M2 Right 5 Yes 14.0
RPT‐20 RT Q6 #7556 8 Lower M3 Right 7 Yes 15.8
RPT‐21 RT Q80/9 #9727 9 Lower M2 Right 5 Yes 14.1
RPT‐21 RT Q80/9 #9727 9 Lower M3 Right 6 Yes 13.0
RPT‐22 RT Q23 #8512 9 Lower M2 Right 5 Yes 13.7
RPT‐22 RT Q23 #8512 9 Lower M3 Right 6 Yes 14.7
RPT‐23 RT Q64/5‐8 #8536 9 Lower M3 Right 9 Yes 21.5
RPT‐24 RT Q6 #9526 9 Lower M2 Right 9 Yes 19.0
RPT‐24 RT Q6 #9526 9 Lower M3 Right 8 Yes 18.9
RPT‐25 RT Q19/4 #1181 10a Lower M3 Left 7 Yes 16.7
RPT‐26 RT Q35/6 #1176 10a Lower M3 Right 6 Yes 17.5
RPT‐27 RT Q22 10a Lower M2 Right 6 Yes 15.5
RPT‐27 RT Q22 10a Lower M3 Right 7 Yes 17.9
RPT‐36 RT Q22 #3055 10a Lower M3 Right 6 Yes 21.2
RPT‐37 RT Q54 #1302 10a Lower M3 Right 9 Yes 27.6
RPT‐38 RT Q35/9 #1191 10a Lower M3 Right 6 Yes 18.9
RPT‐28 RT Q38/6 #1198 10b Lower M3 Right 7 Yes 17.5
RPT‐29 RT Q80/7 #1237 10b Lower M3 Right 11 Yes 22.3
RPT‐30 RT Q37/6 #1166bis 10c Lower M3 Right 8 Yes 23.2
RPT‐31 RT Q50 #1229 10d Lower M3 Right 8 Yes 22.8
RPT‐32 RT Q79/9 #1239 10d Lower M3 Right 8 Yes 19.1
RPT‐33 RT Q15 #4727 13 Lower M3 Left 8 Yes 23.7
RPT‐34 RT Q511‐7 #4118 13 Lower M3 Left 7 Yes 21.1
RPT‐35 RT Q15 #4695 13 Lower M3 Left 8 Yes 18.2
Total 303

Note: The total ‐303 is the number of enamel samples prepared for isotope analysis.
Abbreviations: ERJ, Enamel–Root Junction; M2, second molar; M3, third molar; SU, Stratigraphic Unit.
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deer to compare the tooth δ18Ocarb isotope signatures to
modeled precipitation δ18O. Following the equation of
Iacumin et al. (1996), the drinking water δ18OW of the Riparo
Tagliente red deer was calculated as follows:

δ δ= ( × ) +O O0.998 33.63carb W
18 18 (3.2)

Since the main source of drinking water consumed by
ungulates is supplied by precipitation, we converted the
δ18OW values into air temperature (Tair). Seasonal variations
in red deer intra‐tooth δ18Ocarb isotope values reflect seasonal
climatic variability; therefore, temperature reconstruction
requires equations that relate δ18OW values to the mean
monthly temperature (MMT).
For regional‐scale paleotemperature reconstruction, we ap-

plied a European‐scale transfer model following Reiss et al.
(2024). This model is based on long‐term GNIP records from 84
meteorological stations distributed across Europe and uses the
mean monthly temperatures of the warmest months (July–August)
and coldest months (December–January) to represent summer
and winter conditions, respectively. Summer and winter air
temperatures were calculated using the following equations:

δ= ( + )/T O 15.66 0.50summer precipitation
18 (3.3)

δ= ( + )/T O 11.74 0.53winter precipitation
18 (3.4)

It should be noted that temperature reconstructions based on
δ18O values, while derived from established empirical relation-
ships, rely on several simplifying assumptions. Moreover, enamel
growth patterns lead to a dampening of seasonal extremes in the
isotopic signal (e.g., Passey and Cerling, 2002). Consequently, the
resulting temperature estimates should be regarded as approx-
imate and indicative rather than absolute values.

Results
Enamel carbonate quality control

In this study, the overall carbonate content in enamel samples
ranges from 2.5% to 4.9%, while dentine samples show a
broader range from 1.5% to 6.4% (Table A1). Intra‐tooth

variation in CO3 weight percent ranges between 0.1% and
1.8% for enamel samples (Fig. A1).
Prior to compiling a reliable isotopic data set, all enamel

samples were assessed for carbonate content quality control
(QC). QC was applied only to teeth showing intra‐tooth
CO3 variability greater than analytical precision, defined
here as a standard deviation (SD) equal to or greater than
0.4%. For these teeth, individual carbonate bands were
evaluated against an acceptable range defined as mean
(CO3) ± SD, and bands falling outside this range were
excluded. Teeth with CO3 standard deviations below 0.4%
were considered internally consistent and were not sub-
jected to band‐level exclusion. Exclusion of carbonate
bands resulted in the removal of the corresponding
δ13C and δ18O values prior to further isotopic interpreta-
tion. Fig. A2 illustrates isotopic profiles before and after
carbonate (CO3) quality control.
Following application of the QC criteria, only 10 teeth showed

CO3 standard deviations ≥0.4%. From these samples, a total of
15 carbonate bands falling outside the accepted range were
removed. One exception concerns the third molar of specimen
RPT‐R11 (layer 7), in which a single band displaying an
anomalously low isotopic δ18O value was excluded despite not
meeting the formal carbonate QC threshold (Fig. A2). It should be
noted that dentine can induce isotopic alteration in enamel
bioapatite, typically increasing carbonate content and δ18O
values; however, such an effect is not observed in this sample.

Carbonate δ13C isotopic results

The δ13Ccarb values for all analyzed teeth were similar and
ranged from –13.3‰ to –10.7‰ in the entire stratigraphic
sequence of the Late Epigravettian at Riparo Tagliente (Table 2).
The mean δ13Ccarb values per tooth varied from –12.8‰ to
–11.2‰, with a standard deviation between 0.1‰ and 0.5‰,
reflecting intra‐tooth variability among sequential enamel
bands. Only one red deer tooth, RPT‐29 from level 10b, had
a lower mean δ13Ccarb value (also in δ18Ocarb), whereas the
values of the rest of the specimens ranged between –12.5‰
and –11.2‰ on average (Fig. A4).
The intra‐tooth Δδ13Ccarb variability in teeth (that is, a

difference between the highest and lowest values per tooth)

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 716–731 (2026)

Figure 3. Lower M3R—after sampling (sampled
buccal side).
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ranged from 0.1‰ to 1.5‰ (Table 2). Out of 33 third molars,
only one specimen RPT‐R12 showed an inverted U‐shaped
pattern (layer 7) and four specimens RPT‐R7, RPT‐R16, RPT‐
30, and RPT‐35 generated a sinusoidal pattern in δ13Ccarb

values (Fig. A2). Twenty specimens displayed quite flat profiles
or unclear tendency, with a range of values of less than 1‰
(0.3‰ to 0.9‰), with the rest have slightly sloping profiles that
tended toward either winter (RPT‐R8, RPT‐29, RPT‐34, and
RPT‐38) or summer (RPT‐18, RPT‐19, RPT‐22, and RPT‐23)
seasons. From the set of second molars, three (RPT‐19, RPT‐
20, and RPT‐27) showed a slight reflection of the summer
season effect, although they have not completed the incre-
mental curves (Fig. A2). One specimen (RPT‐22) produced an
unclear profile in δ13Ccarb values, with a range value of 1.0‰.
Finally, the rest of the second molars generated more flat
models than seasonal fluctuations, with intra‐tooth variability
ranging from 0.1‰ to 0.7‰ (Fig. A2).

The δ13Ccarb values varied from –13.3‰ to –10.7‰ in all
third molars and ranged between –12.7‰ and –10.9‰ in
all second molars. The δ13Ccarb values of these second molars
are slightly higher than the corresponding third molars, which
showed δ13Ccarb values between –12.9‰ and –11.0‰
(Table 2). This supports a slight change in the summer–
winter diet and/or environment within the specimen. Red deer
(RPT‐27) from level 10a had δ13Ccarb values ranging from
–11.6‰ to –11.0‰ in the third molar, which were higher than
–12.6‰ and –12.0‰ in the second molar. This should confirm
a significant difference between summer (second molar) and
winter (third molar), although the δ18Ocarb values provided a
flat profile where no seasonal tendency could be seen. Red
deer from other stratigraphic layers, for which both second and
third molars were sampled, did not provide as high an inter‐
tooth (M3 and M2) variation in δ13Ccarb values as in level 10a
(Table 2).

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 716–731 (2026)

Table 2. Summary statistics results of carbonate δ13C and δ18O isotope values for each red deer tooth.

δ13Ccarb

(‰ VPDB)
δ18Ocarb

(‰ VSMOW)

Lab ID Excavation ID SU Tooth N Min Max Range Mean SD Min Max Range Mean SD

RPT‐R6 RT81 Q35/9 #9138 5 M3 L 7 −12.1 −11.8 0.3 −11.9 0.1 22.6 25.2 2.6 23.8 1.0
RPT‐R7 RT q20/4 #6574 5 M3 L 5 −12.5 −11.6 0.9 −12.0 0.4 25.3 26.6 1.3 25.7 0.6
RPT‐R8 RT q631 #6757 6 M3 R 8 −11.6 −10.7 0.8 −11.3 0.3 21.8 24.5 2.7 22.9 1.0
RPT‐R9 RT81 q5015 #9488 6 M3 L 7 −12.4 −12.1 0.4 −12.3 0.2 23.3 24.5 1.2 23.8 0.5
RPT‐R10 RT81 q50/6 #9475 6 M3 L 5 −11.2 −11.1 0.2 −11.2 0.1 23.4 25.3 1.8 24.5 0.7
RPT‐R11 RT q23 #7001 7b M3 R 8 −11.8 −11.3 0.6 −11.6 0.2 23.1 26.1 3.0 24.4 1.2
RPT‐R12 RT q9 #6920 7 M3 R 10 −12.4 −10.8 1.5 −11.6 0.5 23.0 24.1 1.1 23.4 0.4
RPT‐R13 RT81 q21/8 7 M2 R 8 −11.6 −10.9 0.7 −11.2 0.2 23.5 26.4 2.9 25.6 1.0
RPT‐R13 RT81 q21/8 7 M3 R 8 −12.0 −11.3 0.8 −11.7 0.2 23.2 25.3 2.1 24.0 0.7
RPT‐R14 RT q6 #6839 7 M3 R 7 −12.7 −12.2 0.5 −12.5 0.2 23.6 25.0 1.3 24.4 0.7
RPT‐R15 RT81 q35/7 #7002 7 M3 R 5 −11.8 −11.6 0.3 −11.7 0.1 22.6 24.7 2.1 23.6 0.8
RPT‐R16 RT q6 #6850 7 M2 R 5 −12.7 −12.1 0.6 −12.4 0.2 22.8 25.3 2.5 24.0 1.1
RPT‐R16 RT q6 #6850 7 M3 R 6 −12.3 −11.9 0.4 −12.1 0.2 23.4 24.0 0.6 23.7 0.3
RPT‐17 RT62 Q20/7 #7636 8 M3 R 8 −11.6 −10.9 0.8 −11.2 0.2 22.2 25.2 3.0 23.6 1.1
RPT‐18 RT8 q6 #7628 8 M2 R 6 −11.6 −11.0 0.6 −11.5 0.2 21.1 24.6 3.5 22.2 1.2
RPT‐18 RT8 q6 #7628 8 M3 R 7 −12.6 −11.5 1.1 −12.0 0.4 23.1 24.7 1.7 24.0 0.6
RPT‐19 RT Q3613 #7643 8 M2 R 6 −12.6 −12.1 0.5 −12.4 0.2 22.8 24.9 2.1 23.7 0.9
RPT‐19 RT Q36/3 #7643 8 M3 R 6 −12.4 −11.5 1.0 −11.9 0.3 24.0 24.8 0.8 24.3 0.3
RPT‐20 RT Q6 #7556 8 M2 R 5 −12.3 −11.7 0.6 −12.0 0.2 23.5 24.9 1.4 24.3 0.6
RPT‐20 RT Q6 #7556 8 M3 R 6 −12.3 −11.8 0.4 −12.1 0.2 23.3 24.6 1.3 24.0 0.4
RPT‐21 RT Q80/9 #9727 9 M2 R 5 −12.1 −11.8 0.3 −12.0 0.1 24.4 26.6 2.3 25.3 1.0
RPT‐21 RT Q80/9 #9727 9 M3 R 6 −12.0 −11.4 0.6 −11.8 0.2 22.2 24.9 2.7 23.6 0.9
RPT‐22 RT Q23 #8512 9 M2 R 5 −12.5 −11.5 1.0 −12.0 0.4 22.3 25.7 3.4 24.1 1.4
RPT‐22 RT Q23 #8512 9 M3 R 6 −11.9 −11.1 0.8 −11.4 0.3 23.2 25.7 2.4 24.5 0.9
RPT‐23 RT Q64/5‐8 #8536 9 M3 R 9 −12.2 −11.1 1.1 −11.7 0.4 23.0 26.1 3.2 24.9 1.1
RPT‐24 RT Q6 #9526 9 M2 R 6 −12.2 −11.8 0.4 −12.0 0.1 24.1 26.6 2.5 25.2 0.7
RPT‐24 RT Q6 #9526 9 M3 R 8 −12.4 −12.1 0.3 −12.2 0.1 23.2 26.2 2.9 24.8 1.0
RPT‐25 RT Q19/4 #1181 10a M3 L 5 −12.1 −11.7 0.4 −11.9 0.1 21.2 24.4 3.2 23.3 1.1
RPT‐26 RT Q35/6 #1176 10a M3 R 6 −12.4 −11.9 0.5 −12.1 0.2 22.0 25.2 3.2 23.9 1.3
RPT‐27 RT Q22 10a M2 R 6 −12.6 −12.0 0.6 −12.3 0.3 22.6 24.8 2.2 23.9 0.9
RPT‐27 RT Q22 10a M3 R 7 −11.6 −11.0 0.6 −11.4 0.2 23.7 24.4 0.7 23.9 0.2
RPT‐28 RT Q38/6 #1198 10b M3 R 7 −11.3 −11.0 0.3 −11.2 0.1 23.7 25.5 1.8 24.4 0.6
RPT‐29 RT Q80/7 #1237 10b M3 R 11 −13.3 −12.3 1.1 −12.8 0.4 20.3 22.6 2.3 21.2 0.7
RPT‐30 RT Q37/6 #1166bis 10c M3 R 8 −11.9 −11.1 0.7 −11.5 0.2 21.8 24.4 2.6 23.1 1.0
RPT‐31 RT Q50 #1229 10d M3 R 8 −11.7 −10.8 0.9 −11.3 0.3 22.2 23.9 1.7 23.0 0.6
RPT‐32 RT Q79/9 #1239 10d M3 R 8 −12.2 −11.8 0.4 −12.0 0.1 21.0 23.1 2.1 21.8 0.8
RPT‐36 RT Q22 #3055 10a M3 R 6 −11.7 −11.5 0.3 −11.6 0.1 21.1 23.6 2.4 21.8 0.9
RPT‐37 RT Q54 #1302 10a M3 R 9 −12.0 −11.3 0.6 −11.6 0.2 20.4 23.8 3.4 21.9 1.1
RPT‐38 RT Q35/9 #1191 10a M3 R 6 −12.6 −11.6 1.0 −12.1 0.3 20.5 23.8 3.4 22.0 1.2
RPT‐33 RT Q15 #4727 13 M3 L 8 −11.8 −11.0 0.7 −11.4 0.2 21.5 24.1 2.6 22.6 0.9
RPT‐34 RT Q511‐7 #4118 13 M3 L 7 −11.6 −10.9 0.7 −11.2 0.3 20.9 22.8 1.9 22.0 0.7
RPT‐35 RT Q15 #4695 13 M3 L 8 −12.2 −11.1 1.1 −11.8 0.3 22.9 23.5 0.5 23.2 0.2

Note: Minimum (Min), maximum (Max), mean and standard deviation (SD) of δ13Ccarb and δ18Ocarb values per tooth. Numbers in bold indicate the
seasonal contrast, winter (Min) and summer (Max), detected in the profiles of the δ18Ocarb values. All teeth are lower permanent second molars (M2)
and third molars (M3).
Abbreviations: L, left side; N, number of analyzed samples (bands) per tooth; R, right side; SU, stratigraphic unit.
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Considering all samples (42 teeth), red deer did not show a
significant difference in δ13Ccarb values when grouped accord-
ing to the stratigraphic units. However, the graph plotted based
on the mean values of δ13Ccarb and δ18Ocarb still showed that
there are some red deer teeth with relatively high δ13Ccarb

values in layers 13 and 10b, as well as in the upper layers 8, 7,
and 6. Moreover, the lowest mean δ13Ccarb values were
observed in the specimens from layer 10b together with layers
7 and 8 (Fig. A4).

Carbonate δ18O isotopic results

The δ18Ocarb isotopic values ranged from +20.3‰ to +26.6‰
when considering all red deer teeth (Table 2). The intra‐tooth
range of δ18Ocarb values spanned from 0.5‰ to 3.5‰, which is
much higher than those in δ13Ccarb, as expected with seasonal
fluctuations of temperature. The observed seasonal patterns in
δ18Ocarb values were mainly isolated winter or summer signals,
and some complete seasonal cycles (winter and summer)
(Fig. 4). Incremental δ18Ocarb profiles were grouped into a
limited number of curve types reflecting different degrees of
seasonal completeness (Table A2; Figs. A2 and A3). Thirteen
teeth displayed unclear or incomplete trends, likely reflecting
partial crown preservation or reduced crown height
(e.g., 12.7 mm in RPT‐R16‐M2) or limited sampling resolution.
Flat profiles (n= 4) showed no detectable seasonal variation.
Only three specimens recorded a complete sinusoidal pattern,
capturing both summer and winter signals. U‐shaped profiles

(n= 9) and reversed J‐shaped profiles (n= 4) primarily reflect
winter‐dominated signals, whereas nine specimens showed
summer‐dominated profiles characterized by inverted U‐
shaped or partially developed curves. As a result, only the
maximum and minimum δ18Ocarb values corresponding to
summer and winter phases in third molars are shown in the
plotted graph (Fig. 5a), which are subsequently used to
calculate the mean monthly temperature (MMT). To evaluate
whether the δ13Ccarb data support these seasonal signals, the
corresponding δ13Ccarb values were grouped and analyzed.
Slightly elevated δ13Ccarb values were observed in layers 8 and
6, while layers 10 and 9 also showed slightly higher values in
summer phases (Fig. 5b).
Overall, twelve third molars clearly reflected a winter

seasonal signal, while only four specimens showed a summer
season. Among the second molars, four effectively recorded
the sole summer period and two showed a winter signal
(Fig. A2). A couple of third molars (RPT‐R12 and RPT‐35)
provided an unclear trend in δ18Ocarb values, while they
recorded a seasonal signal in δ13Ccarb values (–12.4‰ to
–10.8‰ and –12.2‰ to –11.1‰, respectively), reflecting the
winter season. In five specimens, the summer season in
δ18Ocarb pattern was coeval to lower δ13Ccarb values
(M3= RPT‐18, RPT‐23, RPT‐26; M2= RPT‐20, RPT‐27). In
most teeth (M3 and M2) that reflected only winter in the
δ18Ocarb, the range in δ13Ccarb values was less than 1.0‰, with
a slight increase in δ13Ccarb values in five teeth (RPT‐17,
RPT‐19‐M2, RPT‐34, RPT‐36, and RPT‐37).

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 716–731 (2026)

Figure 4. Incremental plots of red deer teeth showing δ18Ocarb curves: (a) annual cycle; (b) winter‐only; (c) summer‐only; and (d) flat profile.
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© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 716–731 (2026)

Figure 5. Isotopic values of red deer molars with well‐defined seasonal profiles. (a) Maximum and minimum δ18Ocarb values along the crown
length, used to estimate the mean monthly temperatures. (b) Corresponding δ13Ccarb values associated with the maximum and minimum δ18Ocarb
values.

Figure 6. Incremental plots of intra‐tooth oxygen isotope ratios (δ18Ocarb) from second (M2) and third molars (M3) of 9 sampled red deer.
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The highest intra‐tooth variation in δ18Ocarb values (5.2‰)
was observed in level 10, including all sub‐layers (10a, b, c, and
d), while the smallest intra‐tooth variation was detected in layer
13, with a range of 3.2‰ (from to min: +20.9‰ to max:
+24.1‰). Considering the archaeological layer 10a alone, it still
yields the highest intra‐tooth range of 4.8‰ among the entire
stratigraphic series. In addition, the highest winter–summer
contrasts were also observed in the teeth from layer 10 (a, b, c,
and d), with a seasonal range of 4.9‰ (amplitude between the
minimum point of winter and the maximum point of summer).
In addition to intra‐tooth ranges, the intra‐individual

variation was also considered for individuals for which
both second and third molars were collected (n= 9). Within
an individual, the largest range in δ18Ocarb values is 4.4‰
(RPT‐21, SU 9) and the lowest is 1.6‰ (RPT‐20, SU 8). In the
cumulative plotting of δ18Ocarb values, substantial differences
in intra‐individual (along M2 and M3) and some inter‐
individual variability can be detected (see Fig. 6). In general,
lower or higher δ18Ocarb values are reached in the second
molars in comparison with the corresponding third molars.
Some overlap in the δ18Ocarb values can be observed between
both molars, while the seasonal record of the third molars is
postponed from one year compared with the second molar.

Reconstruction of the seasonal temperatures

To enable comparison between tooth enamel δ18Ocarb values and
modeled precipitation δ18Ow and air temperatures, the isotopic
composition of drinking water consumed by red deer was first
derived using Equation 3.2. The mean monthly air temperatures
(MMTs) were then estimated using the European‐scale transfer
functions (Equations 3.3 and 3.4) for third molars showing clear
seasonal isotopic patterns (Table 3). Samples lacking a clear
seasonal signal, as well as second molars that may be influenced
by maternal milk intake, were excluded from seasonal temperature
reconstruction.

Based on the European‐scale MMT estimates, cold winter
conditions at Riparo Tagliente are recorded in stratigraphic
level 10 (Fig. 7). The lowest reconstructed winter temperatures
occur in layers 10a (−2.8°C) and 10b (−3.1°C), coinciding with
the lowest δ13Ccarb and δ18Ocarb values. In contrast, a marked
increase in summer temperatures is observed in stratigraphic
layer 9, where the highest reconstructed summer MMT reaches
16.3°C. A secondary summer phase is also indicated in layer
10, with a summer MMT of 14.4°C.
Overall, the European‐scale reconstruction consistently records

colder winter conditions in stratigraphic level 10 and warmer
summer conditions in level 9, indicating coherent seasonal
temperature patterns across the studied stratigraphic sequence.

Discussion
Environmental conditions and red deer diet in the
southern Alps during the Late Glacial (GS‐2.1a to
GI‐1)

All the δ13Ccarb values (–13.3‰ to –10.7‰) obtained from the
analyzed red deer enamel confirm the absence of a dense
forest ecosystem in the region and are consistent with the
presence of open canopy woodland during the Late Glacial
period (e.g., Drucker et al., 2024; Fernández‐García
et al., 2024). Using a diet‐bioapatite 13C‐trophic discrimina-
tion factor of +13.6‰ (see Drucker et al., 2024) for the per
tooth averaged δ13Ccarb values (–12.8‰ to –11.2‰) of this
study, the δ13Cdiet could be estimated to be between –26.4‰
and –24.8‰, which is not consistent with a diet derived from
closed canopy conditions but rather indicates a more open
landscape including open woodland. These δ13Cdiet values
indicate a diet based on C3 vegetation, likely dominated by
temperate or cool‐season grasses and a variety of dicots,
including trees, shrubs, and herbaceous plants (e.g., Cerling
et al., 1997). Relatively high bone collagen δ13Ccoll values
(−20.5‰ to −18.4‰) in herbivores (red deer, roe deer, ibex,

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 716–731 (2026)

Table 3. Mean monthly temperatures (MMTs) at the European scale following Reiss et al. (2024).

Age δ13Ccarb δ18Ocarb δ18OW MMT (°C)
Europe

Lab ID Tooth SU Cal BP (IntCal20) Stage (‰, VPDB) (‰, VSMOW) (‰, VSMOW) Winter Summer

RPT‐R6 M3 L 5 ‐ Older Dryas (GI‐1c2)1 −11.8 22.6 −11.0 1.4
RPT‐R8 M3 R 6 ‐ Older Dryas (GI‐1c2)1 −11.3 21.8 −11.8 ‐0.2
RPT‐R10 M3 L 6 ‐ Older Dryas (GI‐1c2)1 −11.1 23.4 −10.2 2.9
RPT‐R11 M3 R 7b ‐ Older Dryas (GI‐1c2)1 −11.7 23.1 −10.6 2.2
RPT‐R13 M3 R 7 ‐ ‐ −11.7 23.2 −10.5 2.4
RPT‐R15 M3 R 7 ‐ ‐ −11.7 22.6 −11.1 1.3
RPT‐17 M3 R 8 14 809–13 505 Bølling–Allerød (GI‐1)2 −11.1 22.2 −11.4 0.6
RPT‐23 M3 R 9 14 809–13 505 Bølling–Allerød (GI‐1)2 −11.7 26.1 −7.5 16.3
RPT‐24 M3 R 9 14 809–13 505 Bølling–Allerød (GI‐1)2 −12.3 26.2 −7.5 16.3
RPT‐26 M3 R 10a 15 553–14 294 Oldest Dryas (GS‐2.1a),

Bølling–Allerød (GI‐1)2
−12.2 25.2 −8.5 14.4

RPT‐36 M3 R 10a 15 553–14 294 Oldest Dryas (GS‐2.1a),
Bølling–Allerød (GI‐1)2

−11.5 21.1 −12.5 −1.5

RPT‐37 M3 R 10a 15 553–14 294 Oldest Dryas (GS‐2.1a),
Bølling–Allerød (GI‐1)2

−11.7 20.4 −13.2 −2.8

RPT‐29 M3 R 10b ‐ ‐ −12.8 20.3 −13.4 −3.1
RPT‐30 M3 R 10c 16 175– 15 185 Oldest Dryas (GS‐2.1a)2 −11.6 24.4 −9.2 12.9

−11.3 21.8 −11.8 −0.2
RPT‐32 M3 R 10d ‐ ‐ −12.1 21.0 −12.6 −1.7

Abbreviations: L, left side; R, right side; SU, stratigraphic unit; (−), not determined yet; δ18OW, meteoric water oxygen isotope values converted from
enamel δ18Ocarb.
1Berto et al., 2018.
2Rasmussen et al., 2014.
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chamois, and bovid) have previously been detected at the
Tagliente rockshelter, being therefore consistent with the
consumption of open‐area C3 plants (δ13Cdiet= –25.5‰ to
−23.4‰) (Gazzoni et al., 2013).
The variability of δ13Ccarb values from all red deer molars

reflects both the climatic factors and landscape changes. After
the LGM, the region transitioned from steppe‐tundra, domi-
nated by grasses, to temperate deciduous forests (Ravazzi
et al., 2007), which aligns with the δ13C values of plants
deduced from the herbivore isotopic signatures. The relatively
high δ13Ccarb values from level 13, chronologically referred to
GS‐2.1a, are consistent with a landscape dominated by
wooded grasslands (Bartolomei et al., 1982; Gazzoni
et al., 2013) (Fig. A5). Starting from level 10, at the transition
between GS‐2.1a and the onset of the Bølling–Allerød
Interstadial (GI‐1), some decrease in δ13Ccarb values is
observed. This trend likely reflects an expansion of forest
cover and a corresponding increase in red deer browsing
behavior. In contrast, layers 6 and 5 show slightly higher
δ13Ccarb values, possibly indicating a shift toward more open
vegetation. An environmental fluctuation is also evident in the
large mammal record in layers 7b‐5, where open‐habitat
species like C. ibex and A. alces increase in frequency
(Bartolomei et al., 1982; Rocci Ris 2006; Berto et al., 2018).
The results of this study are further supported by other intra‐

site proxies. Pollen analyses from the Epigravettian series at
Riparo Tagliente suggest woodland expansion starting from
layer 14, dominated by conifers (Pinus sylvestris‐mugo) with
the presence of some deciduous trees (e.g., Quercus sp., Tilia
sp., Corylus). This assemblage suggests milder conditions
during the Late Glacial Interstadial and is consistent with a
heterogeneous, mosaic landscape combining open environ-
ments with patchy woodland cover (Bartolomei et al., 1982).
Macro‐mammal data show open‐environment species in lower
layers (17–14) and an increase of temperate species in the
upper layers (12–5) (Rocci Ris, 2006; Fontana et al., 2009). The
micro‐mammal assemblage in layers 14–12 is dominated by
fossorial taxa (e.g., M. arvalis), reflecting a mostly open
landscape with limited forest. From level 11 onward, a decline
in M. arvalis in the assemblage suggests gradual woodland
expansion (Berto, 2013; Berto et al., 2018). Together, these
proxies provide a coherent picture of progressive environ-
mental change at Riparo Tagliente, highlighting a shift from
open, periglacial habitats to more temperate, wooded envir-
onments in response to the Late Glacial climatic fluctuations.
At the individual level, evidence for seasonal dietary shifts

was found in intra‐tooth δ13Ccarb patterns. Slight δ13Ccarb

increases during winter are observed in some specimens [e.g.,
RPT‐R7 (SU 5), RPT‐R8 (SU 6), RPT‐30 (SU 10c), and RPT‐35

(SU 13)], possibly reflecting increased intake of grasses,
bushes, or xerophytes. Conversely, multiple specimens from
all layers, except level 13, revealed a slight decrease in
δ13Ccarb values in summer (e.g., RPT‐18‐M3, RPT‐23M3, and
RPT‐27‐M2), likely due to higher consumption of woody
plants such as 13C‐depleted shrubs and deciduous trees
(Drucker & Célérier, 2001; Ferrio et al., 2003; Drucker
et al., 2011; Drucker et al., 2024). These seasonal dietary
variations may suggest that red deer, as species inhabiting
sparse forests in plains and valleys, could exploit multiple
ecosystems at different altitudes (e.g., Gazzoni et al., 2013),
varying in δ13C plant compositions (Körner et al., 1988;
Tieszen, 1991).
Similar results were reported in different studies on a regional

and transregional scale. The bone collagen isotopic analysis for
ibex and red deer species from Dalmeri, late Epigravettian
rockshelter on the Marcèsina Plateau (NE, Italy), at over 1200m
a.s.l, yielded results (–21.6‰ to −19.4‰) consistent with a C3

herbivore diet and an open landscape and some patchy forest
during Allerød (GI‐1a‐c3) (Manzella et al., 2024). Relatively
high δ13Ccarb values in red deer (–11.3‰ to –6.0‰), with intra‐
tooth variations ranging from 0.2‰ to 1.8‰, have been
observed at the Upper Palaeolithic Serinyà caves (NE Catalonia,
Spain), where an open landscape was also inferred (Drucker
et al., 2024). The most elevated δ13Ccarb values suggest that red
deer were mixed feeders inhabiting more xeric environments,
potentially incorporating physiologically stressed plants into
their winter diet. Red deer from Serinyà show higher carbon
isotope values than those found in this study (–13.3‰ to
–10.6‰), indicating regionally distinct red deer foraging
environments in the two regions during the Late Pleistocene.

Paleoclimate and seasonality in the southern Alps
(GS‐2.1a to GI‐1) through red deer enamel δ18O

Red deer δ18Ocarb values revealed a record of the seasonal
variations in more than half of the measured specimens, that is,
mainly winter in third molars and summer in second molars. This
supports the established principle that second molars of red deer
mainly record summer, the first season in red deer life, and third
molars mostly reveal the winter of the year after (e.g., Stevens
et al., 2011; Drucker et al., 2024). Third molars are expected to
reflect an entire one‐year seasonal cycle recorded during enamel
formation; however, the limited seasonal records of this study are
probably due to the presence of fractures on the crowns of the
teeth. It also could be due to the complex nature of enamel
maturation that does not allow to obtain an uninterrupted period
of the isotopic variation experienced by the animal (e.g.,
Balasse, 2002; Zazzo et al., 2005). In this concept, the

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 716–731 (2026)

Figure 7. Reconstructed mean monthly air
temperatures (°C) for the archaeological sequence
at Riparo Tagliente, calculated using European‐scale
isotope–temperature transfer equations following
Reiss et al. (2024).

RED DEER ISOTOPIC ECOLOGY AT RIPARO TAGLIENTE 727

 10991417, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jqs.70069 by C

ochraneItalia, W
iley O

nline L
ibrary on [01/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



reconstructed mean monthly temperatures (MMTs) comprise no
more than one or two (summer and/or winter) seasons recorded
during the tooth formation and should be considered as
temporally averaged, relative estimates reflecting limited periods
of tooth mineralization.
The red deer samples from Serinyà caves (mostly from

Magdalenian occupation) also showed similar trends in
δ18Ocarb, with patterns largely reflecting winter conditions in
the third molars (Drucker et al., 2024). Despite representing the
same species, red deer from Serinyà showed relatively higher
δ18Ocarb values, ranging from +23.2‰ to +27.4‰, and intra‐
tooth variation between 0.9‰ and 2.1‰. In contrast, red deer
from this study displayed lower δ18Ocarb, from +21.2‰ to
+26.6‰, but greater intra‐tooth variability, ranging from 0.5‰
to 3.5‰. While both sites reflect seasonal environmental
fluctuations, the specimens from Riparo Tagliente revealed
more pronounced winter–summer isotopic contrasts, potentially
indicating greater climatic seasonality, differences in local
hydrology, or distinct mobility strategies compared to con-
temporaneous populations in northeastern Catalonia.
In this study, layer 10 can be considered a significant layer in the

sequence; however, we missed two more preceding layers (11 and
12) due to a lack of adequate specimens. The red deer population
experienced either cold or mild winters (MMT values range from
−3.1°C to −0.2°C in winter) as well as temperate warm summers in
this Macrounit 10 that might suggest the ending of periglacial
conditions and the onset of climate improvement during this phase
(e.g., Bartolomei et al., 1982; Rocci Ris, 2006; Berto et al., 2018).
Moreover, micro‐mammal studies also clearly confirmed the
beginning of GI‐1 during level 10 with a slightly increased
temperature in the coldest month (Berto et al., 2018). A similar
interpretation was also observed in the intra‐site malacofauna
analysis that testified to the progressive climate improvement along
the Epigravettian series 12–10 with a dominant xero‐
thermophilous species (Bartolomei et al., 1982). The intra‐site
micro‐mammal assemblage starting from the following levels 9–8
and 7–5 testified to an impact of the general milder climate
warming registered during GI‐1 (Björck et al., 1998; Rasmussen
et al., 2014), to some extent confirming our seasonal estimates.
Relatively much warmer seasonal contrast in δ18Ocarb values can
be observed in levels 9 and 10a (Fig. 7). Again, a gradual decline
of temperatures was recorded in layer 6 (winter minimum of
−0.2°C), which might likely correspond to the onset of another
colder stage such as GI‐1d, but it remains uncertain, pending
precise radiocarbon dating for these stratigraphic units. In addition,
an increase in cold‐adapted species (e.g., C. ibex), together with
cold‐tolerant, moisture‐dependent species (e.g., A. alces), was
recorded in levels 7b‐5, consistent with environmental conditions
associated with GI‐1c2 (Berto et al., 2018), a brief cold sub‐event
of Bølling–Allerød. Equivalent reconstructed paleotemperatures
were inferred on a regional scale too. Chironomid assemblages
testified to the mean summer (July) temperature reaching values of
10.5°C to 10.8°C in Northern Italy prior to the rapid warming of
the Late Glacial Interstadial at ca. 14 700 cal a BP and around
13.8°C–15.3°Cduring Bølling–Allerødwarming (Heiri et al., 2007).
Overall, all temperature reconstructions discussed here should be
regarded as relative estimates reflecting general climatic trends and
seasonal contrasts rather than precise absolute temperature values.
Independent environmental proxies would be required to further
constrain the respective influence of temperature, precipitation
regime, and moisture source on the observed isotopic signals.

Implications of Red Deer isotope profiles for
Epigravettian subsistence at Riparo Tagliente

Oxygen‐isotope profiles from red deer molars at Riparo
Tagliente provide valuable insights into environmental condi-

tions and prey availability that shaped Late Epigravettian
subsistence strategies. In some stratigraphic units, several
individuals showed similar oxygen isotope patterns, with similar
absolute values of δ18Ocarb, indicating that these animals
experienced similar environmental and hydrological conditions
during tooth mineralization (e.g., Stevens et al., 2011). This is
illustrated by RPT‐11 and RPT‐13 from level 7, and RPT‐36 and
RPT‐37 from level 10a, which display comparable winter
δ18Ocarb values and intra‐individual profiles (Fig. A.3‐3–6).
Likewise, both M3 and M2 molars of RPT‐19 and RPT‐20 from
layer 8 represent similarity in oxygen patterns and δ18Ocarb

absolute values (Fig. A.3‐4). This consistency points to stable
δ18O values in local drinking water and limited climatic
variability within respective stratigraphic units. While these
findings do not conclusively establish the seasonal site use, the
repeated occurrence of similar isotopic profiles suggests that red
deer were predictably and seasonally available, supporting a
flexible and adaptive subsistence strategy by hunter‐gatherers.
In contrast, differences in isotopic ranges of specimens from the
other layers may reflect differences in habitat use or mobility
(e.g., Stevens et al., 2011).
Four teeth (RPT‐19, RPT‐20, RPT‐27, and RPT‐35) provided

flat δ18Ocarb profiles with elevated values, broadly resembling
summer‐season isotopic signatures (Fig. A.3‐4, 6, and 7).
Rather than reflecting a local seasonal signal, these flat profiles
likely represent an ecological pattern, suggesting that red deer
may have spent the winter months in milder/lowland environ-
ments with reduced seasonal variability, away from the rock‐
shelter area. This δ18Ocarb isotopic stability could result from
either the altitudinal effect (e.g., Flaim et al., 2013; Kern
et al., 2014) or regular ingestion of isotopically buffered
freshwater during colder seasons. Considering the site's
geographical context, both interpretations are plausible.
However, the corresponding intra‐tooth carbon values do
not record the expected elevation‐related enrichment in 13C
(e.g., Männel et al., 2007), making high‐altitude grazing less
likely. The stable δ18O profiles may thus be a result of buffered
environmental conditions, either linked to mobility or access
to large freshwater bodies. This, in turn, suggests that hunter‐
gatherer groups at Riparo Tagliente may have adapted their
hunting strategies not only to seasonality but also to landscape
features that shaped red deer distribution.

Conclusions
This study presents the first high‐resolution enamel stable
isotope data set on red deer (C. elaphus) from the Late
Epigravettian levels of Riparo Tagliente, offering new insights
into paleoenvironmental conditions, seasonal climate varia-
bility, and human subsistence strategies in the southeastern
Italian Alps during the Late Glacial (GS‐2.1a to GI‐1).
Carbon isotope values (δ13Ccarb) from red deer molars reflect

a consistent diet based on C3 vegetation and indicate that the
landscape surrounding the site was dominated by open
woodland environments. The absence of strongly negative
δ13C values confirms limited forest cover density throughout
the sequence. Fluctuations in δ13Ccarb across stratigraphic
layers align with regional vegetation shifts: slightly higher
values in layers 13 and 5–6 suggest grassland dominance
during colder periods, while slightly lower values in layers
10–8 may reflect forest expansion during the Bølling–Allerød
Interstadial. Intra‐tooth δ13C variability also reveals seasonal
shifts in diet, with some individuals consuming more grasses or
shrubs in winter and woody browse in summer, supporting the
interpretation that red deer exploited diverse habitats across
different altitudes and microenvironments.

© 2026 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 41(5) 716–731 (2026)

728 JOURNAL OF QUATERNARY SCIENCE

 10991417, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jqs.70069 by C

ochraneItalia, W
iley O

nline L
ibrary on [01/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Oxygen isotope data (δ18Ocarb) show clear seasonal trends in
many individuals, with second molars typically reflecting summer
and third molars recording winter conditions. This is consistent
with the following principle: the second molars of red deer mainly
record summer, the first season in red deer life, and third molars
mostly reveal the winter of the year after based on the time range
of enamel growth (Brown & Chapman, 1991b), and an isotopic
study on modern red deer (Stevens et al., 2011). Estimated
mean monthly temperatures (MMTs) derived from δ18Ocarb values
suggest substantial climate variability across the sequence. The
coldest winter temperatures were recorded in layers 10a and 10b
(down to −3.1°C), while warmer summer conditions (up to
16.3°C) appeared in layer 9. These estimates are broadly consistent
with independent regional paleoclimate reconstructions and point
to fluctuating seasonal conditions during the Late Glacial, without
implying a uniform or continuous climatic trend. Altogether,
the isotopic evidence highlights the resilience and adaptability of
Late Epigravettian hunter‐gatherers in the Valpantena valley.
The repeated availability of red deer across seasons, even in
colder phases, supports the idea of stable open environments and
the strategic use of ecotonal and freshwater‐rich landscapes.
These findings contribute to a more detailed reconstruction of
Late Glacial environmental conditions in northern Italy and
underscore the value of enamel carbonate isotopes in under-
standing faunal ecology and human subsistence at fine temporal
and spatial scales. Future work should expand isotopic analyses
to additional layers and taxa to obtain a more comprehensive
picture of Late Glacial environmental dynamics. Further integra-
tion with zooarchaeological and mobility studies is also
recommended to better understand red deer behavior and its
implications for human subsistence strategies.
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