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 Abstract 

 

 The end of the Last Glacial Maximum (LGM) reveals a climatic progression from the 

cold conditions of the Greenland Stadial-2 (GS-2) to the abrupt sequence of warming conditions 

of the Greenland Interstadial-1 (GI-1), during which new ecological habitats flourished 

allowing hunter-gatherers to re-occupy the Alpine altitudes. In this context, Riparo Tagliente, 

a rock-shelter in northeast Italy, testifies to the earliest re-colonization in the south-eastern pre-

Alps by the Late Epigravettian hunter-gatherers. 

 Exploring the ecology of red deer (Cervus elaphus) from the archaeological site of 

Riparo Tagliente provides insights into the significant impacts of the Late Glacial climatic 

fluctuations on human habitats. For this purpose, we measured the carbon and oxygen stable 

isotope ratios (δ13C, δ18O) of enamel carbonate through a sequential sampling of the second and 

third molar crowns of red deer from this major Alpine site, preserving the most expanded 

stratigraphic sequence of the region. The red deer molars were selected among the remains 

collected in the stratigraphic units 13 to 5, spanning from GS-2.1a to GI-1 phases. 

 Obtained δ13C values on red deer show a diet based on terrestrial C3 plants from a habitat 

characterized by the presence of an open canopy woodland during the Late Glacial. The δ18O 

values yield the seasonal climatic conditions captured during the enamel formation, mainly 

summer for the second molars and winter for the third molars. In addition, seasonal conditions 

recorded in the δ18O values were estimated based on known equations relating the δ18O values 

of carbonate to those of consumed water and the δ18O values of the meteoric water to the mean 

monthly air temperature (MMT) and the mean annual air temperature (MAT). The resulting 

reconstruction indicates the MMT temperature around –6.5 °C in winter for layer 13 for the 

period 16,634–15,286 cal. BP, when glaciers were melting in the Alpine region. In layer 10, is 

the transition between GS-2.1a and GI-1, the MMT temperatures drop down to –8.9 °C in winter 

and reach around 9.9 °C in summer. Temperatures increase in summer reaching values around 

15.4 °C in layer 9 and 14.5 °C in layer 7 for the period 14,572–13,430 cal. BP, associated with 

the temperate Interstadial GI-1. Together these results suggest no significant changes in the diet 

of this key game and the presence of relatively open forest landscape through the entire 

sequence despite the environment influenced by paleoclimatic variations over the seasons. 

 

 

 Keywords: Riparo Tagliente, red deer (Cervus elaphus), Late Glacial, Late 

Epigravettian, stable isotopes, paleoclimate, paleoenvironment, temperature. 
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Chapter 1 – INTRODUCTION 

 

 

 The aim of this introductory chapter is to put the necessary foundations for this thesis 

as a whole. It introduces the key concept of stable isotopes in palaeoecological reconstruction, 

which is the main focus of this research, and underscores its significance in the field of 

archaeology. It also provides a general overview of the climatic background during the Late 

Pleistocene and of the palaeoecological context of North-Eastern Italy. Lastly, it outlines the 

structure of the thesis, providing a brief overview of each of the chapters that will follow. 

 

 

1.1  Aims and Objectives of the Research 

 

 Analysis of stable isotopes from tooth enamel bioapatite (δ13C and δ18O) is a powerful 

tool for reconstructing paleoenvironments, especially when combined with other available 

environmental proxies. This type of analysis allows us to detect the diet and/or habitat 

conditions experienced by modern and extinct animals through their early lifetimes. The carbon 

isotopic composition of herbivore tooth enamel can be used to determine the fractions of C3 

and C4 biomass in diets of both modern and fossil mammals and to identify the closed-canopy 

effects in their diets (Bocherens et al., 1996; Cerling & Harris, 1999; Cerling et al., 1997; Kohn 

& Cerling, 2002). In open environments, the δ13C values are relatively higher than in areas with 

dense forest cover, like dense canopy forest, where reduction of solar radiation and CO2 mixing 

with the general atmosphere at the forest floor are observed (Tieszen, 1991; van der Merwe & 

Medina, 1991). The δ13C values of herbivore teeth is influenced by the isotopic composition of 

the plants they fed on and can thus be related to their diet and habitat. The oxygen isotopic 

composition of terrestrial mammal’s teeth is driven by the isotopic composition of the plant 

water they consumed and ingested drinking water, which is supplied by meteoric water (Koch, 

2007). The δ18O value in meteoric water also varies geographically and temporally, meaning 

with higher values in warm regions or seasons, and lower values in colder regions or seasons 

(Koch, 2007; Kohn et al., 1998). The δ18O isotopic values from the terrestrial animal teeth can 

be used as a proxy for short-term palaeoclimatic conditions, such as winter and summer 

seasonal variations experienced during the early lives of animals (Kohn et al., 1998). In general, 
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tooth enamel isotope signatures are a faithful recorder of diet and/or habitat and winter-summer 

seasonality. 

 In this palaeoecological context, the present study seeks to explore the paleoclimate and 

paleoenvironment in the region of the south-east Alps during the late Upper Pleistocene. These 

paleo-conditions are inferred from the analysis of stable isotopes of the red deer (Cervus 

elaphus) teeth collected from the archaeological deposits of Riparo Tagliente, NE Italy. The 

primary objectives are to reconstruct herbivore’s early life diet and/or habitat, as well as the 

first-life seasonal climatic variations, and then provide insights into the ecology and local 

climate that the Late Epigravettian hunter-gatherers inhabiting this region faced during the great 

climatic fluctuations of the Late Glacial period between GS-2.1a and GI-1. Red deer, the 

primary large prey for local hunter-gatherers, is an opportunistic mixed feeder and lives in 

variable habitats from open steppe to close temperate forest (Heptner et al., 1989) allowing us 

to explore the range of ecosystems exploited by local foragers. 

 Animal tooth enamel stable isotope (δ13C and δ18O) analyses have been widely applied 

in Europe and outside to explore paleoecological scenarios (e.g. Balasse, 2002; Bocherens et 

al., 1996; Drucker et al., 2024; Wiedemann et al., 1999), as well as the current ecology and 

climate changes (e.g. Makarewicz & Pederzani, 2017; Stevens et al., 2011). However, these 

biogeochemical analyses have been so far applied sparsely in the Eastern sector of the Italian 

Alps to investigate environmental and climatic variations except for paleodietary 

reconstructions of human individuals (Gazzoni et al., 2013; Oxilia et al., 2021) and 

paleoecology of ungulates (Manzella et al., 2024). In this regard, this isotopic study of Riparo 

Tagliente rock-shelter is the first extensive one for the late Upper Pleistocene period in the 

south-east Alps and will contribute to the reconstruction of the local environment and climatic 

conditions experienced by the Late Epigravettian groups. 

 

1.2  General climatic background 

 

 Generally accepted chronostratigraphical and geochronological timescale, the 

Quaternary period, the beginning of which is dated at 2.58 Ma, is placed under the Cenozoic 

Era and the Phanerozoic Eon (see Cohen et al., 2013). The Quaternary system includes the 

Pleistocene and Holocene epochs, each of which with subseries divisions, i.e. the lower/early 

(L/E), middle, upper/late (U/L) Pleistocene, and likewise the lower/early (L/E), middle, 

upper/late (U/L) Holocene. The Pleistocene and Holocene series are also subdivided into stages 

(see more in Cohen & Gibbard, 2019). These Quaternary subdivisions are based on the 
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identification of the repeated major global climatic oscillations throughout its stratigraphic 

record, to practically group these climatic variations in the younger and older cycles (e.g. Cohen 

& Gibbard, 2019). In general, the onset of the Quaternary/Pleistocene is associated with the 

first evidence of the paleoenvironmental changes on land and the glacial-interglacial climatic 

cycles.  

 The occurrence of these climatic oscillations during the Quaternary has been correlated 

with the global-distributed oceanic drilling and continental proxy-records to summarize the 

common signal in the global datasets and establish calibrated age models (e.g. Cohen & 

Gibbard, 2019). Isotopic studies of the major deep-ocean proxy, i.e. a fossil foraminifera (stable 

oxygen isotope composition, δ18O), have revealed around 52 cold and interspersed warm 

climate periods during Quaternary which referred to as glacials and interglacials (e.g. Suggate, 

1965). These deep-sea-based records are climatically defined as marine oxygen isotope stages 

or (MIS) (Lisiecki & Raymo, 2005). In total, 102 marine isotope stages were recorded during 

the last 2.58 Ma, and even numbers represent glacials while odd numbers are interglacials. The 

Penultimate Glacial Maximum (PGM) and the Last Glacial Maximum (LGM) are the cold 

maxima within MIS 6 and MIS 2 respectively. In terrestrial records, Last Glacial Maximum ice 

advances differ in timing from region to region (Hughes & Gibbard, 2015), and do not 

necessarily coincide with the LGM as labeled along deep marine benthic foraminiferal δ18O 

records (Fig. 1). An additional option to define the global LGM event – dated back 27.5-23.3 

ka and coeval to the GS-3 – is related to its correspondence to the global sea level minima 

records as proposed by Hughes and Gibbard (2015).  

 A major continental record, the annual layer counts on multi-proxy Greenland North-

GRIP ice-cores data (measured stable δ18O isotope of the ice) delivered the high-resolution 

Greenland Isotope Division schemes extending from the lower half of the Late Pleistocene (late 

part of the Last Interglacial, Eemian) up to the end of Last Glacial (11.7 ka ‘before 2000 CE’) 

(Rasmussen et al., 2006). In the Greenland records based on synchronization of the NGRIP, 

GRIP, and GISP2 ice-core proxies, the high climate instability is represented by a sequence of 

stadials (full glacial phase) and interstadials (relatively mild). This has led to identification of 

25 Greenland Stadials (GS) and 24 Greenland Interstadials (GI) for the Last Glacial period 

(beginning at ca. 116 ka) (Rasmussen et al., 2014). In addition, another correlation proxy data 

from the sea surface temperature of North Atlantic sediments, the so-called the Heinrich events, 

record about six (H1–H6) brief intervals of increased discharge of icebergs and reduced 

foraminiferal fluxes during times of colder stadials for the past 80 ka (Bond et al., 1993; 

Heinrich, 1988). 
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Fig. 1. Global chronostratigraphical correlation table for the last 50 ka (see Cohen & Gibbard, 2019) 
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 The late Upper Pleistocene is of great importance in the history of the environment and 

prehistoric colonization of high latitude regions as well as mountain territories. It corresponds 

to the last part of the Upper Pleistocene, the beginning of which almost coincides with the onset 

of the Last Interglacial Eemian regional Stage in NW Europe referred to ca.129 ka (MIS 5e) 

(e.g. Kukla et al., 2002). The last part of the late Upper Pleistocene is characterized by several 

climatic oscillations, which correspond to MIS 2 and the first part of MIS 1 (e.g. Bond et al., 

1997; Heinrich, 1988; Lisiecki & Raymo, 2005; Rasmussen et al., 2014). After the LGM, when 

the south continent of Europe became a refuge for northern terrestrial organisms, a series of 

climatic fluctuations can be observed in the Greenland ice-core records. Particularly, GS-2 is 

marked by the progressive increase in temperature and separated into three climatic events (GS-

2.1c, -2.1b, -2.1a); it is, then, followed by a short period of relative warming (GI-1), when a 

rapid increase of temperatures and development of wooded environment is recorded. Lastly, an 

abrupt climatic event of cooling (GS-1), characterizes the very end of the Upper Pleistocene. 

The latter part of GS-2 is also accompanied by the H1 (Heinrich event 1), which is a relatively 

arid phase, resulting in a series of dramatic glacial collapses across the Alpine district (Ravazzi 

et al., 2007; Ravazzi et al., 2014). The Late Glacial period, ca. 17.5-11.7 ka cal. BP, was an 

episode of changing environmental conditions in Europe, in which the climate system shifted 

from glacial to interglacial conditions (e.g. Björck et al., 1998; Magny et al., 2006). The Late 

Glacial is a regional stage, to which paleoclimatic and paleoenvironmental studies attribute a 

sequence of climatic periods: the Oldest Dryas, Bølling-Allerød, and Younger Dryas. The 

Oldest Dryas corresponds to GS-2 where the gradual increase in temperature is marked. The 

beginning of the Bølling-Allerød Interstadial is consistent with the onset of the GI-1, a relatively 

warm period with several minor oscillations, i.e. Bølling (GI-1e), Older Dryas (GI-1d), Allerød 

(GI-1a-c3), which particularly have been observed in the northern Alpine region. The Younger 

Dryas is a cold phase, broadly equivalent to GS-1. These chronozone subdivisions are based on 

pollen records and were first proposed for the Scandinavian region (Mangerud et al., 1974). 

The series of climatic oscillation events that occurred during the Late Glacial led up to gradual 

changes of the landscape and resulted in the formation of a complex system of environments 

for hunter-gatherers.  
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1.3  Paleoenvironment and paleoclimate in the South-eastern Italian Alps during the Late 

Glacial 

 

 Most of the extensive research conducted in the eastern region of the Italian Alps have 

been focusing on the human occupation during and after the end of the Alpine LGM (Peresani 

et al., 2021). However, a few numbers of studies on climatic evolution in the region mainly 

come from paleolimnological (Filippi et al., 2007; Heiri et al., 2007), palynological (Pini et al., 

2010; Ravazzi et al., 2007) and stalagmite studies (Frisia et al., 2005).  

 In Northeast Italy, the available palaeoclimate and palaeovegetation reconstructions 

record similar climatic events as recorded from Northern and Central Europe, i.e. Late Glacial 

gradual deglaciation after the LGM and Late Glacial Interstadial warming, followed by the 

Younger Dryas cooling phase before climatic conditions reach comparatively stable and 

warmer Holocene (e.g. Leroy et al., 1996; Rasmussen et al., 2014). During the MIS 2 (GS-3 

and GS-2), the environments in central and northern Europe were with much reduced forest 

cover and mostly treeless areas (Magyari et al., 2014; Willis et al., 2000). While these regions 

were with apparently limited resources for hunter-gatherers, in Southern Europe several 

regions, including the south-eastern Alps provided more favorable conditions, where the 

development of open boreal forests and highly productive wetlands are supported during the 

LGM and early Late Glacial (Monegato et al., 2015; Willis et al., 2000). 

 Pollen studies from lacustrine sites are the main proxies to explore the climatic and 

environmental changes between the end of GS-2 and GI-1 in the Southern Alps (Pini et al., 

2010; Ravazzi et al., 2007; Ravazzi et al., 2014). During the first part of the Late Glacial, GS-

2b and GS-2a, no forest increase and retreating glaciers are detected, while some pre-alpine 

lakes, especially in the inner valleys, are still subject to intense periglacial conditions (Ravazzi 

et al., 2007). Furthermore, dry, cold, and continental events were recorded in the Garda Lake 

during the late part of GS-2, prior to the Bølling-Allerød Interstadial when a quick increase in 

forest density is already evident in the Southern part of the Alps (Ravazzi et al., 2007; Ravazzi 

et al., 2014). These climate and environmental changes from the southern Alpine and Prealpine 

pollen records are also attested by macro- and micro-mammals assemblages from the Late 

Epigravettian layers of Riparo Tagliente (see more chapters 2 and 5).  

 In addition, similar climatic and environmental interpretations are revealed by the 

isotopic data of stalagmite SV1 from the south-east of the Alps for the past 17 ka BP, indicating 

temperature increase and ice-sheet melting since 16.5 ka BP, and reflecting warm and wet 

climatic settings for GI-1 Interstadial while the climate during GS-1 was colder and dry (Frisia 
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et al., 2005). Since the first phases of deglaciation (the onset of the Late Glacial), the retreatment 

of major glaciers from the south-eastern pre-Alpine foothills with less vegetation cover is 

evident from the ‘Lago di Lavarone’ lake sediment records, as well as its fossil chironomid 

assemblages (Trentino, NE Italy) (Filippi et al., 2007; Heiri et al., 2007). Based on this 

paleolimnological data from the lake at the altitude of 1100 m a.s.l, the reforestation, and 

warmer ecosystems are enhanced during the phase of Bølling-Allerød (GI-1). 

 In summary, the deglaciation process and transformation of the grasslands into tree 

forest cover between GS-2 and GI-1, along with the relative warming during GI-1 in the south-

eastern fringe of the European Alps have been extensively observed.  

 

1.4  Thesis outline  

 

This thesis is organized into six chapters:  

 Chapter One begins with the aims and objectives of the research work, explaining the 

importance of the research topic, its key concepts, and the objectives of this project. A brief 

review of the paleoclimate giving a precedency on the late Upper Pleistocene climate 

fluctuations, followed by the available paleoenvironmental and paleoclimate data from north-

east Italy. 

 In Chapter Two, the research study area is introduced. The archaeological history of the 

site, i.e. Riparo (rock-shelter) Tagliente as well as the Late Epigravettian culture and its 

occupational sequence in the site are reported. In addition, all paleoecological studies applied 

in these Late Epigravettian deposits are also given. 

 Chapter Three presents the research methodology employed to attain the objective of 

the current study. How the samples were selected and sampled to collect the enamel powder for 

further isotope analysis, as well as the carbonate pre-treatment procedure of tooth enamel 

powders are demonstrated in this chapter. Furthermore, the sample preparation for the isotope 

ratio mass spectrometry (IRMS) measurement is presented and then followed by the method 

for calculation of the mean monthly (MMT) and mean annual (MAT) temperatures for Riparo 

Tagliente.   

 Chapter Four provides all results obtained from the stable isotope ratio measurements 

in the following order. First, the reliability of the carbonate content within the teeth is monitored 

in order to compile the set with reliable data for further isotope interpretations. Afterward, the 

carbon and oxygen stable isotope ratios are reported in separate sub-chapters. Lastly, the 
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calculated mean monthly and mean annual temperatures relative to the meteorological station 

Feletto Umberto and European continent are respectively indicated.  

 In Chapter Five, the earlier reported results are discussed, giving explanations, 

interpretations, as well as the limitations of the study. In particular, two topics: 

palaeoenvironmental and palaeoclimatic implications for the Southern Alps during the Late 

Glacial stage are open for discussion. 

 Final Chapter Six, concludes this research work by summarizing the key findings, main 

contributions of the research, as well as the weaknesses of the study, ending up with the future 

perspectives for research.   

 

 

 In summary of the introductory stage, the importance and relevance of the research topic 

were explained, meaning that stable isotope tracking is one of the powerful proxies for 

reconstructing paleoecology and paleoclimate seasonality. The general climatic background of 

the Late Glacial period is reported, which is of great importance to this research, followed by 

the summary of the reconstructed environmental and climatic shifts in the south-east of Italian 

Alps after the end of the LGM. In the following chapter, the archaeological context of the study 

area with a focus on the Late Epigravettian deposits will be presented. 
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Chapter 2 – THE STUDY AREA 

 

 

 Earlier in the introduction chapter, the topic was about the aims and objectives of the 

thesis, the general climatic background of Europe, focusing on the LGM, Late Glacial, as well 

as the paleoenvironmental and paleoclimatic proxies in the regional context of North-east Italy. 

This part was followed by the overall structure of the entire research work.  

 This chapter begins by giving priority to the Late Epigravettian techno-complex with 

respect to the Late Upper Paleolithic (LUP) of Europe. Additionally, it will deal with the re-

occupation of the southern Alps by the Late Epigravettian groups during the Late Glacial and 

the state of the art on their subsistence strategies. The next sub-chapter presents a general 

overview of the archaeological site of Riparo Tagliente, including a brief history, location, 

structure of the site, and excavation areas. The following subsection comes with some data on 

the Late Epigravettian occupation of the Tagliente rock-shelter, focusing on the structural 

organization of the stratigraphic sequence, main findings, and chronological aspects. Several 

paleoenvironmental data revealed from the intense archaeological research and studies on the 

Late Epigravettian series are described in the final subpart of the chapter.  

 

 

2.1  The Late Epigravettian in the South-Eastern Alps  

 

 The late Upper Paleolithic is characterized by the geographical separation of the 

European cultural techno-complexes at the end of the Gravettian period. With the end of the 

LGM, the Solutrean is followed by the Late Glacial Magdalenian complex, both of which are 

recorded in archaeological sites in the Iberian Peninsula, western France and central Europe; 

contemporaneously the Epigravettian industries are documented in southern and eastern Europe 

(Italy, Greece, the Balkans) during Late Glacial period. The Epigravettian was one of the last 

archaeological industries and cultures of the European Upper Paleolithic and it is divided into 

the Early and Late which are respectively dated to the Last Glacial Maximum (LGM) and the 

Late Glacial (LG) (Peresani, 2006). The Early Epigravettian is mostly characterized by 

shouldered projectile points and the distribution in peninsular Italy spanning chronologically 

between ca. 24,000 and 19,000 cal BP (ca. 20,000 – 16,000 uncal BP) particularly along the 

Adriatic side of the peninsula (e.g. Cancellieri, 2018).  
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 The difference between the Early and the Late Epigravettian is mostly based on the 

typology and technology of lithic assemblages. The main technological difference between 

Early and Late Epigravettian is the presence of a wide variety of rectilinear laminar blanks 

(large blades, bladelets, microbladelets), associated to a wide array of armatures, i.e. backed 

and curved backed points, backed bladelets, and backed and truncated bladelets (e.g. Béres et 

al., 2021; Fontana et al., 2009). The sites with Late Epigravettian layers reported in the Southern 

Alps are more than fifty. Only some present a context allowing a multidisciplinary 

investigation; in others, the archaeological documentation is limited to the lithic industry. Some 

of the major Late Epigravettian sites of northeastern Italy include Riparo Tagliente, Riparo 

Soman, Le Regole, Riparo La Cogola, Riparo Villabruna, Grotta Clusantin, Val Lastari, Riparo 

Dalmeri, and Riparo Biarzo (Bertola et al., 2007). According to the known archaeological 

record, the Late Epigravettian hunter-gatherers began to re-occupy the Alpine highlands (e.g. 

cave Clusantin at 520m a.s.l., Riparo Dalmeri at 1240m a.s.l., Val Lastari at 1060m a.s.l., Riparo 

La Cogola at 1070m a.s.l., Le Regole at 1240m a.s.l) starting at the beginning of the temperate 

(Bølling-Allerød) Interstadial (Bertola et al., 2007). Thus, the Epigravettian sites at the highest 

elevations are post-dating the occupation of Riparo Tagliente which has yielded the most 

complete Late Glacial stratigraphic series testifying the earliest evidence of re-occupation of 

the Southern Alpine fringe after the end of the LGM (Fontana et al., 2018; Ravazzi et al., 2007). 

Comparisons with other Late Epigravettian sites distributed in different areas of the Italian 

peninsula is currently limited, due to the low number of sites for this early phase (17,000-15,000 

cal. B.P). However, some sites are roughly contemporaneous to the most recent Late 

Epigravettian occupation of this site (i.e. Riparo Villabruna, Grotta Clusantin).  

 Thanks to the intensive zooarchaeological studies in the south-eastern Alps, the primary 

role played by hunting in the subsistence strategies of the Late Epigravettian groups has been 

attested. Ibex (Capra ibex), red deer (Cervus elaphus), and chamois (Rupicapra rupicapra) 

were the most hunted species while elk (Alces alces), bison/auroch (Bos/Bison), roe deer 

(Capreolus capreolus), and wild boar (Sus scrofa) occupy a secondary role. Among carnivores, 

fox (Vulpes vulpes), wolf (Canis lupus), mustelidae, and brown bear (Ursus arctos) were hunted 

frequently (Bertola et al., 2007). Exploitation of birds is also documented at some sites such as 

Riparo Dalmeri (Trento) where bird bones are characterized by butchering marks (Fiore et al., 

2022). In addition to hunting practices of Epigravettian groups, gathering and fishing activities 

are also recorded by archaeological data. Fishing is evidenced at a few sites including Riparo 

Dalmeri (Trento), Villabruna (Belluno), and Riparo Soman (Verona) with the presence of fish 
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remains. Important traces of fish consumption come also from Riparo Tagliente, where the 

identification of species is still in progress (Fontana et al., 2009; Gazzoni et al., 2013). 

 

2.2  Riparo Tagliente  

 

2.2.1  General context of the site 

 

 The site of Riparo Tagliente is a rock-shelter located in the village of Stallavena di 

Grezzana, Verona, Italy. It is considered a key site of the Upper Pleistocene in the south-east 

Alps. Tagliente rock-shelter is located under a rock wall formed by oolitic limestone, on the 

west slope of Valpantena, one of the main valleys of the pre-Alpine massif of Lessini (Monti 

Lessini), at an altitude of 226 m above sea level (Fig. 2). It occupies a strategic position at the 

crossroads of different topographic situations: the plain, the valley-bottom, the rocky slopes, 

and the top of the massif (Bartolomei et al., 1982; Fontana et al., 2009). The shelter was 

intensively exploited by Middle and Upper Paleolithic groups thanks to the presence of lithic 

and mineral resources such as a wide variety of cherts (e.g. Fontana et al., 2009; 2018). 

 The rock-shelter was first discovered in 1958 by Mr. Francesco Tagliente (Zorzi & 

Mezzana, 1962), and the initial excavations were carried out between 1962-1964 by the Museo 

Civico di Storia Naturale di Verona. From 1967, excavations were resumed by the University 

of Ferrara, and since then systematic excavations have been conducted. The research was 

initially (until the mid-1970s) focused on the excavation of the long trench running transversally 

to the rock-shelter in order to investigate the whole sequence of the site. This trench separates 

the site into two sectors of excavation: the southern sector and northern sector (e.g. Bartolomei 

et al., 1982; Fontana et al., 2009). Both sectors include an inner area protected by the rock-wall 

and an outer area. Excavations on the transversal trench have reached up to 4.60 m deep in the 

outer area and uncovered the stratigraphy formed by two main deposits separated by a river 

erosion. The lower deposit is characterized by Mousterian and Aurignacian cultural evidence 

(the latter detected only in a small portion of the internal area and the trench). Although the 

radiometric dating is not available for the Mousterian deposits (Middle Paleolithic), it has been 

attributed to MIS 4-3 based on the analyses of the lithic and faunal assemblages, along with 

sedimentological studies (Arnaud et al., 2016; Bartolomei et al., 1982). The upper unit provided 

a rich Late Epigravettian evidence attesting occupation during the Late Glacial (GS-2.1a and 

the first part of GI-1) (Bartolomei et al., 1982; Fontana et al., 2009; Fontana et al., 2018; Fontana 

et al., 2015).  
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Fig. 2. Geographic location of Riparo Tagliente rock-shelter (226m a.s.l.) in Veneto, and Feletto 

Umberto meteorological station (135m a.s.l) in Friuli, NE Italy (ArcGIS Pro 3.2.0 elaboration by M. 

Amanova). 

 

 

 The late Upper Paleolithic deposits (Late Epigravettian) appeared in the inner and outer 

zones of the site, corresponding to layers 4 – 18 of the transversal trench. Extensive excavations 

have been carried out in these layers starting from the late 1970s particularly over the northern 

sector of the site, reaching an area of about 80 m2 (Fontana et al., 2009; Fontana et al., 2018).  

 

 

2.3  The Late Epigravettian occupation  

 

2.3.1  General context of the sequence 

 

 As we mentioned above, the upper unit of the trench area stratigraphy dates back to the 

Late Glacial and is culturally associated with the Late Epigravettian. The Late Epigravettian 

sediments deposited not evenly, being thinner in the internal part of the shelter (about 50 cm) 

and relatively thicker in the external one (over 2 m). This complex situation was explained as 



13 
 

due to two main factors: (1) the river erosion escarpment at the base of the Late Epigravettian 

occupation leaning steeply outside the shelter; (2) the different use of the two areas by the 

Epigravettian groups, namely the cleaning of inner zones and the consequent accumulation of 

waste products in the outer ones. In addition, medieval excavation works were also carried out 

in the shelter, which destroyed large portions of the inner stratigraphic sequence, allowing their 

preservation only some areas and especially the lowermost Late Epigravettian deposits 

(Bartolomei et al., 1982; Fontana et al., 2009; Fontana et al., 2018; Fontana et al., 2015). 

 From a sedimentological viewpoint, the Epigravettian deposit is divided into two sub-

units in the external area: the lower Epigravettian sequence (cuts 18 – 15) and the upper one 

(cuts 14 – 5) (Fig. 3). Both sub-units are set in a loess matrix with the lower deposits a much 

denser coarse breccia than the upper ones. Based on the different proxies such as sediments, 

pollens, malacofauna, small mammals and large mammal remains, the lower levels 18 – 12 

indicate a steppe environment with cold and arid climate conditions, whereas the upper units 

11 – 5 testify a temperate climate with a grassland and woodland with conifers and deciduous 

trees. The Late Epigravettian sequence is characterized by intense human occupation, testified 

not only by lithic industries and faunal remains, but also by dwelling structures, mobile art 

objects, ornaments (from shells, animal teeth), coloring materials (iron oxides), and in situ 

burial (Bartolomei et al., 1982; Fontana et al., 2009). 

 The malacological collection of ornamental beads is composed of 728 items one third 

of which is characterized by at least one intentional perforation. Almost all identified species 

(29 taxa) are still widely diffused in the Mediterranean Sea. Only one fossil specimen belonging 

to warm-related habitats Aspa marginata disappeared from the Mediterranean at the end of the 

Pliocene. In the area of Monti Lessini, only one Pliocene age deposit is known, near Salò, in 

the Garda Lake area. In general, the genus Cyclope dominates the assemblage, seemingly as a 

consequence of human selection (Cilli et al., 2006; Fontana et al., 2009).  

 All Epigravettian layers are rich in lithic industry and characterized by considerable 

masses of products and debris, documenting intense knapping activities and the transformation 

of blanks. Techno-economical studies in the latest years testify several chaînes opératoires for 

producing a wide variety of rectilinear laminar blanks (large blades, bladelets, and 

microbladelets) and laminar flakes. Exploited lithic raw materials come from the Lessini area, 

corresponding to those in the surrounding territory within a range of about 15 km from the site, 

although the bottom layers have yielded some artifacts (cores, blanks and tools) made on 

exogenous cherts from the central Adriatic area (Bertola et al., 2018).  
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Fig. 3. A) Riparo Tagliente archaeological site (photo by A. Guerreschi). B) The stratigraphic sequence 

of the external trench zone. The dashed line indicates the erosion surface separating the Late 

Epigravettian sequence from the Mousterian and Aurignacian one. Modified from (Fontana et al., 2018). 

C) The stratigraphic section of the external trench. In this area, the Aurignacian levels are not detected. 

Modified from (Bartolomei et al., 1982). 
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Two different phases have been recognized from the analysis of the Epigravettian lithic 

assemblages: phase I (layers 17 – 12) is characterized by four different reduction sequences, 

each one aimed at obtaining a specific type of blank; phase II (layers 11 – 6) is marked by a 

simplification of the reduction sequences (Bartolomei et al., 1982; Bertola et al., 2007; Fontana 

et al., 2009; Fontana et al., 2015). As a result of the last 40 years of excavation works, a high 

quantity of yellow and red ochre nodules (approximately 8 kg) was also recovered in the 

northern sector of the Tagliente rock-shelter (Cavallo et al., 2017). Moreover, great importance 

is the faunal assemblage recovered in the southern sector, comprising small and large mammal 

remains, which were in a high level of fragmentation: 91% was smaller than 2 cm (Fontana et 

al., 2009) 

 Concerning the spatial organization of remains, within the outer area of the northern 

sector the presence of a recurrent pattern of distribution of living floors has been observed 

during the excavation activities of the last two decades. The inner protected area of the shelter 

can be considered a dwelling area due to the presence of several hearths, whereas different 

categories of waste were found in the outer zone (Fontana et al., 2009; Peretto et al., 2004). 

Other important finds of the sequence are mobile art objects engraved with geometric and 

figurative shapes, and a burial discovered in the 1970s of the last century in the southern sector 

of the sheltered area (coeval to level 13) dated to the 16,634 – 15,286 cal. BP (Gazzoni et al., 

2013). 

 According to radiocarbon dates which range from 17,219-16,687 cal. BP (layer 13 

alpha) to 14,572–13,430 cal BP (levels 10–8), the Epigravettian series is one of the most 

complete in northern Italy, formed between the first part of the Oldest Dryas (GS-2.1a) and the 

first half of the Bølling–Allerød Interstadial (GI-1c1) (Fontana et al., 2009; Fontana et al., 

2018). Taking into account the external area of the long trench from where all of the analyzed 

red deer teeth for this study were collected, the radiocarbon dates range from 16,932-15,495 cal 

BP (levels 15–16) to 14,572-13,430 cal. BP (levels 8–10) (Gazzoni et al., 2013) (Table 4).  

 In this regard, the site represents the most ancient deposit known on the southern slope 

of the Alps to be re-occupied by human groups after the Last Glacial Maximum (Alpine LGM, 

26 – 17 ka ago (see Monegato et al., 2017)). Last but not least, the results from the recent 

radiocarbon dates of the lower deposit of the internal sequence (levels 13a alpha, 13a, and 300), 

which corresponds roughly to layers 13 to 15/18 in the outer zone, appear older than the dates 

from the lower levels of the outer part (15 – 16) (Berto et al., 2018). This suggests, the 

radiometric dates from the 1980s that were applied on charcoal samples from levels 15 – 16, 

should be considered carefully.  
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2.3.2  Paleoenvironmental background 

 

 The large mammal remains recovered from the southern sector and the trench area of 

the Tagliente rock-shelter testify to a change of the exploited species by Late Epigravettian 

hunter-gatherers throughout time. The study of the large mammals allowed divided the faunal 

assemblage of the Late Epigravettian sequence into two phases: the lower levels 18 – 13, and 

upper levels 12 – 5 (Bartolomei et al., 1982). The distribution of ungulates and other mammals 

in the lower layers is characterized by species adapted to an open environment and dominated 

by Alpine ibexes (Capra ibex) (NISP=832). The upper layers (12 – 5) document the 

development of milder climatic conditions with the increase of temperate species such as 

Cervus elaphus, Capreolus capreolus, and Sus scrofa. Only in level 13, which is coeval to the 

burial, the two associations are equivalent (Fontana et al., 2009; Rocci Ris, 2006). Red deer 

(Cervus elaphus) is the most represented species within the whole stratigraphic sequence 

(NISP=4522) with 52.5% identified specimens. It is documented from layer 15 and increases 

from levels 12-10 to the top, becoming the most abundant in the upper layers (71.5% of 

identified specimens in layer 8). The second most represented ungulate is roe deer, already 

present in layer 14. Water-related species such as Alces alces have a relatively high percentage 

in layers 11 – 15. Most remains are represented by adult individuals. The analysis of butchering 

marks confirms that herbivores represented one of the main food resources of the Late 

Epigravettian groups (Fontana et al., 2009). 

 The distribution of small mammals (e.g. marmot, hare, beaver), which are present in all 

the layers, confirms the environmental settings attested by the large mammal records. The 

marmot (Marmota marmot) remains (NISP=463) are mostly recovered from the lower layers 

17 – 14. The second abundant small mammal is the hare (Lepus europaeus and Lepus timidus) 

with NISP=163 (Fontana et al., 2009). The beginning of the GI-1 in the Southern Alps is 

characterized by a quick increase in forest density, even at altitudes up to 1350 m a.s.l. (Ravazzi 

et al., 2007). However, the small mammal collection in the upper levels (5 – 10) does not reflect 

such an increase in forest.  

 The micro-mammal assemblage is dominated by Microtus arvalis and Microtus 

(Terricola) gr. multiplex-subterraneus along the whole stratigraphic series 14 – 5 (Bartolomei 

et al., 1982; Berto et al., 2018). These species are dominating in levels 12 and 13 – 14, testifying 

that the landscape surrounding the site was a periglacial one, mainly open, and with scarce 

forest patches. Microtus arvalis start to decrease from level 11 reflecting an increase in 
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woodland and water components, as suggested by the presence of water-related species, 

Arvicola amphibius. Level 10 is the last recording of the occurrence of cold climate-related 

species Cricetus cricetus. It also testifies to a strong decrease in Microtus (T.) gr. multiplex-

subterraneus. The first slight increase in mean annual temperature (MAT) (from 8.0 °C to 8.5 

°C) and mean temperature of the coldest month (MTC) (from 0.4 °C to 1.7 °C) is also recorded 

in this unit. A strong decrease of cold-related species and an increase of temperate climate-

related species (e.g. Chionomys nivalis) can be related to a transitional moment when the 

landscape was changing from a dense grassland to a degraded environment as an effect of the 

strong deglaciation process occurred in the Southern Alps during Late Glacial. The 

disappearance of species Cricetus cricetus from the upper levels (5 – 9) indicates general, mild 

climate warming corresponding to the temperate (Bølling–Allerød) Interstadial (GI-1) (Berto, 

2013; Berto et al., 2018). 

 Another climate proxy – pollen analyses – which was carried out along the Epigravettian 

series of Riparo Tagliente, indicates similar variations of environmental parameters. In the 

pollen diagrams, the lower layers 16 – 15 testify that during the first part of the Late Glacial 

(GS-2.1a), the landscape was dominated by herbaceous plants (Gramineae, Artemisia) with 

some conifers and colonizing plants (Pinus sylvestris-mugo, Juniperus, Salix). In the Late 

Glacial Interstadial, the area surrounding the shelter was characterized by a woodland 

expansion with conifers (Pinus sylvestris-mugo) and deciduous trees (Quercus sp., Tilia sp., 

Ulmus sp., Ostrya carpinifolia, Fraxinus, Corylus). The latter are associated with layers 14 – 5 

(Bartolomei et al., 1982). 

 The analysis of malacological assemblages recovered from the trench area also testify 

to a progressive climate improvement along the Epigravettian sequences. In layers 12 – 10, the 

xero-thermophilous species dominate the malacofauna collection, indicating the onset of warm 

climatic conditions, while cold-associated species are  registered in the bottom layers (18 – 15) 

of the Late Epigravettian series (Bartolomei et al., 1982).  

 

 

 To conclude, in the North-Mediterranean area, the term Epigravettian describes the 

archaeological techno-complexes that emerged during and after the LGM by dividing this 

period respectively into an Early and Late phase. So far, after the cold phase LGM, the earliest 

occupation of Late Epigravettian hunter-gatherers in the Southern Alps, is documented in the 

archaeological deposits of Riparo Tagliente. The most complete sequence of the Late 

Epigravettian was discovered at Tagliente rock-shelter and has been extensively investigated 
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since the late 1970s. After intensive archaeological interdisciplinary studies, it was observed 

that Epigravettian groups exploited the internal and external areas of the shelter differently. 

According to studies carried out on different proxies (macrofaunal remains, microfauna, pollen, 

malacofauna, sediments), the Epigravettian deposits are divided into two “phases”, where 

different environments were detected, although the transition between the two is not coeval. 

Based on macro-faunal assemblages, the lower layers (17 – 14) are characterized by the cold-

associated species with open steppe grassland, whereas the upper layers (12 – 5) are dominated 

by the warm-related species in the temperate climate. Layer 13 represents a transitional phase, 

where the two faunal associations are equivalent. This two phases of occupation confirm that 

occupation at the site of Riparo Tagliente occurred between the end of the Greenland Stadial-2 

(GS-2) and the beginning of the warmer Bølling–Allerød Interstadial (GI-1).  
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Chapter 3 – MATERIALS AND METHODS 

 

 

 In the previous chapter, the general archaeological context of the study area was 

reported, by focusing on the Late Epigravettian culture in terms of the Late Upper Paleolithic 

of Europe, and its role in the re-occupation of the Southern Alps after the Last Glacial 

Maximum (LGM). In addition, several paleoecological data acquired from the deposits of the 

Epigravettian series at Riparo Tagliente were also discussed.   

 This focal chapter aims to present the methodological approach applied in this research. 

We first discuss the sample materials that can be analyzed, focusing on special concerns when 

dealing with fossils, and then describe the analytical basics. 

 This chapter was organized according to the four following steps. The first is a selection 

of materials, where we are describing in detail the main principles of collecting materials. Such 

as how and what archaeofaunal fragments were chosen (in our case, red deer teeth), the purpose 

of selection, sample quantities, as well as their distribution sequence along the stratigraphy at 

Riparo Tagliente. The second is a sampling of materials, which explains how to process the 

teeth specimens and extract a required amount of fine powders from the dental tissue (enamel). 

The third one is the carbonate pre-treatment phase, where the analytical steps of sampling 

purification are outlined. The last stage is the measurement of the pretreated samples in the 

isotope ratio mass spectrometry (IRMS) and consequently, the processing of the resulting 

isotope ratio values. 

 

3.1  Selection of materials 

 

 Initially, a total of 48 prehistoric teeth of red deer (Cervus elaphus) from 38 different 

individuals have been selected from the faunal assemblage of Riparo Tagliente. Dental material 

chronologically records the diet of an individual during a particular period of time in their life 

as well as the corresponding climatic signals. The key sample selection was focused on 

collecting the latest-forming permanent third molars (M3), and whenever possible the second 

molars (M2), to reconstruct the adult diet and habitat, and avoid the isotopic effect of breast 

milk intake (Chinique de Armas et al., 2022; Fuller et al., 2006; Tsutaya & Yoneda, 2015). 

Moreover, third molars mineralize during early life stages (i.e., infant to young-adult period) 

(Koch, 2007) by preserving in enamel the information from early life diets of red deer as well 

as their habitat and local seasonal variation (e.g. Kohn & Cerling, 2002; Kohn et al., 1998). 



20 
 

Recorded seasonal cycles from third molars correspond to the duration of the crown formation 

(mineralization) of these teeth (e.g. Balasse et al., 2003). The mineralization period of teeth in 

typical herbivore, continues during a tooth eruption and completely finishes before the tooth 

eruption ends (Kohn & Cerling, 2002; Kohn et al., 1998). Red deer second molars erupt 

between 12 and 16 months and third molars erupt between 21 and 32 months after birth (Azorit 

et al., 2002; Brown & Chapman, 1991a; Godawa, 1989). Based on the radiographic 

observations on modern red deer jawbone dentition by (Brown & Chapman, 1991b) it was 

identified that the mineralization of the second molar in red deer takes place between 3 and 9 

months and that the third molar mineralizes between 9 and 26 months. It thus means second 

molars likely provide a record of one summer and/or winter of the first year and third molars 

the whole one-year seasons of the second year of red deer life.  

 In this regard, for each individual, it was carefully chosen the right or left third molars 

and associated second molars for some individuals. All permanent teeth were from the lower 

jawbone (mandible). For the case of selected second molars, they were still enclosed in the 

jawbone, otherwise, they are not identifiable as an isolated tooth like the third molars do. We 

tried to select the intact teeth by avoiding breaks, and large fractures, since they might contain 

potential diagenetic carbonates that can contaminate our samples for isotope analysis. 

 The collected teeth come from the upper stratigraphic unit of the external trench area, 

which dates back to the Late Glacial and contains the Late Epigravettian assemblages (Aspes, 

2002; Bartolomei et al., 1982). Namely, they belong to the following layers (or tagli as they 

were originally named): 1, 4, 4a, 4b, 5, 6, 7, 7b, 8, 9, 10a, 10b, 10c, 10d and 13. The specimens 

selected for stable isotopic analysis were confined to the stratigraphic sequence between layers 

5 and 13, due to different factors. First, we excluded the specimens from layers 1, 4, 4a, and 4b, 

which were reworked and could not be attributed to a specific phase of occupation. Then, we 

need to take into account that the lowermost levels lack temperate species like red deer because 

these species started to increase in the rock-shelter from layers 14 and 13 to the upper layers. 

In our case, we don`t have any adequate samples from layer 14. After excluding the teeth from 

the uppermost levels (1, 4, 4a, 4b), a total of 42 red deer teeth were left, i.e. 33 lower third 

molars and 9 lower second molars, have been chosen as an ultimate set of samples for the 

carbonate (CO3) isotopic analysis. These 42 lower molars have been analyzed for stable oxygen 

(18O/16O) and carbon (13C/12C) isotope ratios. The detailed distribution of teeth specimens along 

the stratigraphic series can be found in Table 1..  

 Although several radiocarbon dates have been obtained at the Tagliente shelter, there is 

not yet precise radiocarbon dates for all of our selected levels (SU 13-5). We know from other 
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sources that the Epigravettian series spanned between the Oldest Dryas (GS-2) and the first part 

of the Bølling–Allerød temperate Interstadial (GI-1) (Fontana et al., 2009; Gazzoni et al., 2013). 

According to other studies, the radiocarbon dates of the Epigravettian sequence range from 

16,932–15,495 cal BP (layers 16 – 15) to 14,572–13,430 cal BP (layers 10 – 8) (Alessio et al., 

1970; Aspes, 2002; Stuiver & Reimer, 1993) (Table 4). 

 A crown and a root are the two main elements that form the general structure of the 

teeth. Three major calcified tissues of teeth are dentine – a firm and resilient tissue that forms 

the fundamental structure of a tooth, enamel – a hard and shiny layer covering the dentine in 

the crown part only, and cement (cementum) – a bone-like tissue with which coated the dentine 

root and in some animal species the enamel surface too (Hillson, 2005, pp. 146-147). Dental 

enamel, the highly mineralized material with useful seasonal isotope changes (Cerling & Sharp, 

1996; Dettman et al., 2001; Koch et al., 1989), was analyzed for the stable O and C isotope 

ratios in this study. As a PO4 component (from enamel, dentine, and bone), enamel, even in 

samples as old as the Miocene, is physically and chemically most resistant to alteration (Ayliffe 

et al., 1994; Bocherens et al., 1996; Wang & Cerling, 1994).   

 

3.2  Sampling of materials 

 

 As we mentioned above, the sample set includes only the lower M3 left (M3L) or right 

(M3R) and lower M2 right (M2R) side only. 33 individuals (total 42 teeth) were sampled, 

including two individuals from layer 5, three from layer 6, five from layer 7 and one from layer 

7b, four from each layer 8 and layer 9, six from layer 10a, two from each layer 10b and 10d, 

one from 10c and three individuals for layer 13 (Table 1). Enamel sampling was always 

performed on the buccal (labial) side of the teeth, except for one tooth where a wide crack 

covered the buccal (lab code: RPT-36) (Fig. 4 and Fig. 7). The M3 was sampled on the mesial 

(anterior) or middle lophs (Fig. 7 – Fig. 9). 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 continuous seasonal sequence. Again, above all, one needs to avoid fractures 

enclosing contaminated sediment (diagenetic calcite) and work accordingly. Moreover, it is 

important to be cautious while collecting enamel powder without touching the underlying 

dentine, as this may alter the isotopic values of the enamel bioapatite. It should be noted that 

the sampling fulfillment of specimens was carried out by two people and in two different places.  
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Fig. 4. Photo after sampling (Lower M3R). Sampled lingual side. 

 

 
 

Fig. 5. Photo after sampling (Lower M3R). Sampled buccal side. 

 

Most of the teeth sampling was performed by my thesis supervisor, Prof. Dorothée G. Drucker, 

partly at the Department of Humanities of the University of Ferrara, and partly in the field 

during the archaeological excavations at Riparo Tagliente, Verona, Italy. Being responsible for 

the sampling of three red deer teeth, I have experienced the entire process, beginning from the 

tooth sampling until carbonate pretreatment procedures, in the Biogeology laboratory at the 
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Geoscience Department of Tübingen University (February and March 2024). These three teeth 

were lower M3R (RPT-36, RPT-37, RPT-38) from three different individuals (Fig. 4 – Fig. 9). 

 

 
 

Fig. 6. Photo after sampling (Lower M3R). Sampled buccal side. 

 

Primarily, teeth surfaces were cleaned with a diamond drill bit. After, the series of horizontal 

bands of enamel was extracted along the crown using the diamond-coated drill bit. These 

successive bands were sampled from the top to the bottom, an enamel-root junction (ERJ) 

boundary, of the crown (Fig. 7 – Fig. 9). ERJ point was used as a reference point for 

measurement and the origin (starting point) in the plotted graphs with the results. In some teeth, 

for example, an isolated tooth with a broken root or a tooth still held in the jawbone that covers 

the ERJ line of the tooth, it was difficult to see the ERJ point, so we marked a point 0 in the 

bottom of the crown. 

 Up to 11 bands or a minimum of 5 bands per tooth were obtained from the molars M3 

whose crowns’ heights range from 27.6 mm and 13.0 mm, while for the molars M2 it was taken 

maximum of 9 bands and at least 5 bands where the crown height ranges between 19.0 mm and 

12.7 mm. The more bands the higher possibility to record the complete seasonal cycle (summer 

and winter). As long as this sampling strategy is applied consistently to all the specimens, this 

approach succeeds in preserving the chronological order of seasonal changes. For each sampled 

band, about 10 – 15 milligrams (mg) of enamel fine powders were collected. Here the root 

dentine, in the amount of 18 – 20 mg, was also collected only from each M3 in order to control 
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the quality of the isotope analysis of our samples. Powders sampled from every band were put 

into separate plastic vials with a flip lid (volume: 1.5 ml). Afterwards, these vials were arranged 

into a set of 24 pcs (22 vials of our samples and 2 vials with the in-lab standards), which is 

consistent with the centrifuge (Thermo Scientific Heraeus Biofuge) slots. In total 303 tubes 

with enamel powder and 31 with root dentine powder were prepared for the pre-treatment phase 

(Table 1). After finishing the dental sampling, drawings of every sampled tooth with all details 

(cracks, strip heights, etc.) were produced (e.g. Fig. 7 – Fig. 9).  

 

 
 

Fig. 7. RPT-36. Sampled on the lingual side along the middle and distal lophs (Lower M3R). 

 

 

3.3 Carbonate pre-treatment  

 

 Like other living dental tissues, the archaeofaunal dental enamel is composed of 

inorganic (formed entirely of minerals) and organic compounds (Hillson, 2005, pp. 146-147). 

Its mineral composition makes up almost 99% calcium phosphate from which ~3% is carbonate, 

while the organic part takes about 1% only (Bocherens & Drucker, 2007). This inorganic 

component is also called a bioapatite (biological apatite), which is mainly based on calcium 

phosphate (CaPO4) minerals. Most of the bioapatite in teeth is hydroxylapatite Ca10(PO4)6(OH)2 

(Hillson, 2005, p. 146) where some phosphates are substituted by CO3 (carbonate) components. 
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Fig. 8. Sampled bands of RPT-37 (Lower M3R). 

 

 

 
 

Fig. 9. Sampled bands of RPT-38 (Lower M3R). 
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Only the CO3 component that substitutes for PO4 and OH, diagenetically highly resistant (Kohn 

& Cerling, 2002), was analyzed for O and C isotopes, and other labile carbonates were removed 

during the pre-treatment (e.g. Rey et al., 1991). 

 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 (see description below). It is again worth noting that I performed myself 

the pre-treatment procedure of the four sets of samples (24 tubes/set) at the Biogeology 

laboratory in Tübingen. 

Generally, the enamel powder samples take three consecutive days to be pretreated while 

dentine powder can take longer when containing organic matter that needs to be removed. The 

pre-treatment phase of samples includes the following laboratory steps: 

 (1) Each sampled powder was treated by adding 1.35 ml of sodium hypochlorite 

(NaOCl) at a concentration of 2.5% to remove the organic composition. Every tube was first 

shaken on the mini-shaker to mix the solution and then placed in the shaking plate (Heidolph 

Vibramax 100) and left for 24 hours. This step was repeated twice for the dentine powder. 

 (2) After 24 hours, samples were centrifuged for 5 min at 5000 rpm (revolutions per 

minute) to separate liquids from solids. Then NaOCl (2.5% Cl) solution was removed and 

samples were rinsed three times with Millipore water (Milli-Q H2O) to wash NaOCl off. Every 

rinsing also was accompanied by shaking on the mini-shaker followed by centrifugation. 

Afterward, to remove all the diagenetic carbonates, the samples were reacted with 1 M acetic 

acid buffered solution (CH3COOH) for 24 hours by adding 1.35 ml to each tube (e.g. Koch et 

al., 1997; Wright & Schwarcz, 1998; 1999). Before terminating this step, the tubes were shaken 

on the mini shaker to mix sample solids and solution well, and placed on the shaking plate at 

450 rpm. 

 (3) The next day, after 24 hours samples were centrifuged for 5 min and the buffered 

solution was removed. And rinsed three times with Milli-Q water as explained before. In the 

end, samples had to be dried in the oven set at 35 °C for 72 hours. The treatment procedure can 

cause a sample weight loss in a considerable proportion (e.g. Balasse et al., 2002; Balasse et 

al., 2003). In this pre-treatment, it varies between 30 – 50%. 

 

3.4  IRMS measurement 

 

 Once we had pretreated enamel hydroxylapatite, the isotope compositions were 

measured using the isotope ratio mass spectrometry (IRMS) in the Senckenberg Centre for 
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Human Evolution and Palaeoenvironment at the University of Tübingen. For IRMS, we took 

2.5-3.0 mg of treated enamel, and dentine samples as well as in-lab standards (enamel of 

elephant and hippo from the archaeological site Chad) which underwent the same pretreatment 

as our other samples. In addition to this sample set, we included the international standards 

(IAEA-603, NBS-18, and LM) weighing 0.10 to 0.15 mg.  

Vials with carbonates (treated samples) 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 hours. From this equilibration, the carbonate was 

obtained as CO2 gas and sent through MultiFlow-Geo system to the Elementar IsoPrime100 

IRMS where CO2 was measured for four times within 15 minutes to get isotope values. 

Measured isotopic ratios are reported in 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‰) as well as two in-lab standards (elephant with δ13C = –10.55‰ 

and δ18O = +1.80‰ and hippo with δ13C = –3.80‰ and δ18O = –2.10‰) using the “LyticOS” 

software (see description in Drucker et al., 2024). 

Theoretically, oxygen and carbon isotope ratios are measured as: 

 

 𝛿(‰) = [(𝑅𝑠𝑎𝑚𝑝𝑙𝑒/𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑)  − 1] 3.1 

                                       

where R=13C/12C or R=18O/16O ratios of the sample and the standards, which is PDB for carbon 

and SMOW for oxygen (Gifford-Gonzalez, 2018; Koch et al., 1997); and will be written as ‰ 

(parts per mil.). 

 Final carbonate δ13Ccarbonate and δ18Ocarbonate mean values obtained from the IRMS 

measurements are presented versus Vienna Pee Dee Belemnite limestone (‰ vs. VPDB) 

standard. For further orthographic brevity, we simplify δ18Ocarbonate to δ18Ocarb.and the 

δ13Ccarbonate to δ13Ccarb. In addition, δ18Ocarb values in VPDB were also recalculated to the Vienna 

Standard Mean Ocean Water scale (‰ vs. VSMOW) and will be indicated in tables and graphs 

of the following chapters. The next equation by (Coplen, 1988) was applied from VPDB to 

VSMOW conversion: 

 

 𝛿18𝑂𝑉𝑆𝑀𝑂𝑊 = 1.03091 × 𝛿18𝑂𝑉𝑃𝐷𝐵 + 30.91 3.2 

 

The measurement uncertainty was monitored using three in-house standards (pure carbonate 

Laaser Marmor with δ13C = +1.50‰ and δ18O = –5.20‰, pretreated enamel of elephant with 
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δ13C = –10.55‰ and δ18O = +1.80‰, pretreated enamel of hippo with δ13C = –3.80‰ and δ18O 

= –2.10‰). Overall analytical precision is higher than 0.1‰ for carbon (δ13C) and better than 

0.2‰ for oxygen (δ18O) isotopic values. 

 

3.5  Calculation methods for air temperature (Tair) 

 

 The mean annual air temperature (MAT) and mean monthly air temperature (MMT) 

values for our red deer samples were calculated (e.g. Gasparik et al., 2023). To calculate these 

temperatures, we use two equations relating the precipitation δ18O to the temperature and call 

them as MAT and MMT equations. It is worth pointing out that with the short crown red deer 

teeth, it is possible to reconstruct the temperature of no more than one or two seasons using one 

or another equation. 

 For MAT and MMT calculations, we first converted the measured oxygen isotope 

values of enamel carbonate (δ18Ocarb against VSMOW) to local meteoric water δ18Ometeoric water 

values (hereinafter δ18Ow). Red deer obtain their water through drinking and from the plants 

ingested. The main source of drinking water for terrestrial animals is meteoric water, which is 

important for assessing seasonal isotope effects showing higher δ18O values in warm regions or 

seasons, and lower δ18O values in colder regions or seasons (Gat, 1996; Koch, 2007). Meteoric 

water (environmental water) is supplied by the precipitations and therefore we should have 

drinking water isotope values to describe the relationship of our red deer δ18Ocarb isotopic results 

with the present air temperature. The δ18Ocarb composition of the biogenic apatite of mammal 

teeth is in direct relationship with that of the environmental water (δ18Ow), from which the MAT 

and MMT temperatures can be estimated. 

 In our calculations of δ18Ow for the red deer sample, it was used the following equation 

by Iacumin et al. (1996) where modern deer (Cervus elaphus) samples and local meteoric water 

were calibrated and obtained a direct positive relationship between δ18Ocarb and δ18Ow values: 

 

 𝛿18𝑂𝑐 = 0.998 × 𝛿18𝑂𝑤 + 33.63 3.3 

 

Here, the δ18Ow values are also introduced in (‰ vs. VSMOW). 

 In the next step, we tried to describe the current relationship between meteoric water 

δ18Ow and recent air temperature (Tair) for two locations from where the MAT and MMT 

equations derived. 
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Table 1. Final list of the selected specimens 

 

SU=Stratigraphic Unit; ERJ=Enamel Root Junction; Dent. Ext. = dentine extracted teeth; M3L = third molar left side; M3R = third molar right side; M2R = 

second molar right side. The total -303 is the number of samples (enamel only) prepared for isotope analysis. 

Lab ID Site Excavation ID Culture Species SU Tooth 
Bands      

N 

ERJ 

point 

Crown 

height 

(mm) 

Dent. 

Ext. 

RPT-R6 Riparo Tagliente RT81 Q3519 #9138 Late Epigravettian Cervus elaphus 5 Lower M3L 7 Yes 23.5 Yes 

RPT-R7 
Riparo Tagliente RT q20/4 #6574 Late Epigravettian Cervus elaphus 5 Lower M3L 5 No 17.6 Yes 

RPT-R8 Riparo Tagliente RT q631 #6757 Late Epigravettian Cervus elaphus 6 Lower M3R 8 Yes 21.1 Yes 

RPT-R9 
Riparo Tagliente RT81 q5015 #9488 Late Epigravettian Cervus elaphus 6 Lower M3L 7 No 18.0 Yes 

RPT-R10 Riparo Tagliente RT81 q5016 #9475 Late Epigravettian Cervus elaphus 6 Lower M3L 6 Yes 16.6 Yes 

RPT-R11 
Riparo Tagliente RT q23 #7001 Late Epigravettian Cervus elaphus 7b Lower M3R 9 Yes 23.2 Yes 

RPT-R12 Riparo Tagliente RT q9 #6920 Late Epigravettian Cervus elaphus 7 Lower M3R 10 Yes 24.0 Yes 

RPT-R13 
Riparo Tagliente RT81 q21/8 Late Epigravettian Cervus elaphus 7 Lower M2R 8 Yes 15.5 No 

RPT-R13 Riparo Tagliente RT81 q21/8 Late Epigravettian Cervus elaphus 7 Lower M3R 8 Yes 19.1 Yes 

RPT-R14 
Riparo Tagliente RT q6 #6839 Late Epigravettian Cervus elaphus 7 Lower M3R 7 Yes 18.6 Yes 

RPT-R15 Riparo Tagliente RT81 q35/7 #7002 Late Epigravettian Cervus elaphus 7 Lower M3R 8 Yes 19.3 Yes 

RPT-R16 
Riparo Tagliente RT q6 #6850 Late Epigravettian Cervus elaphus 7 Lower M2R 5 No 12.7 No 

RPT-R16 Riparo Tagliente RT q6 #6850 Late Epigravettian Cervus elaphus 7 Lower M3R 6 No 13.0 Yes 

RPT-17 
Riparo Tagliente RT62 Q20/7 #7636 Late Epigravettian Cervus elaphus 8 Lower M3R 8 Yes 20.7 Yes 

RPT-18 Riparo Tagliente RT8 q6 #7628 Late Epigravettian Cervus elaphus 8 Lower M2R 9 No 17.3 No 
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Lab ID Site Excavation ID Culture Species SU Tooth 
Bands      

N 

ERJ 

point 

Crown 

height 

(mm) 

Dent. 

Ext. 

RPT-18 
Riparo Tagliente RT8 q6 #7628 Late Epigravettian Cervus elaphus 8 Lower M3R 8 Yes 21.1 Yes 

RPT-19 Riparo Tagliente RT Q3613 #7643 Late Epigravettian Cervus elaphus 8 Lower M2R 6 Yes 16.6 No 

RPT-19 
Riparo Tagliente RT Q3613 #7643 Late Epigravettian Cervus elaphus 8 Lower M3R 6 Yes 18.6 Yes 

RPT-20 Riparo Tagliente RT Q6 #7556 Late Epigravettian Cervus elaphus 8 Lower M2R 5 Yes 14.0 No 

RPT-20 
Riparo Tagliente RT Q6 #7556 Late Epigravettian Cervus elaphus 8 Lower M3R 7 Yes 15.8 Yes 

RPT-21 Riparo Tagliente RT Q80/9 #9727 Late Epigravettian Cervus elaphus 9 Lower M2R 5 Yes 14.1 No 

RPT-21 
Riparo Tagliente RT Q80/9 #9727 Late Epigravettian Cervus elaphus 9 Lower M3R 6 Yes 13.0 Yes 

RPT-22 Riparo Tagliente RT Q23 #8512 Late Epigravettian Cervus elaphus 9 Lower M2R 5 Yes 13.7 No 

RPT-22 
Riparo Tagliente RT Q23 #8512 Late Epigravettian Cervus elaphus 9 Lower M3R 6 Yes 14.7 No 

RPT-23 Riparo Tagliente RT Q64/5-8 #8536 Late Epigravettian Cervus elaphus 9 Lower M3R 9 Yes 21.5 Yes 

RPT-24 
Riparo Tagliente RT Q6 #9536 Late Epigravettian Cervus elaphus 9 Lower M2R 9 Yes 19.0 No 

RPT-24 Riparo Tagliente RT Q6 #9536 Late Epigravettian Cervus elaphus 9 Lower M3R 8 Yes 18.9 Yes 

RPT-25 
Riparo Tagliente RT Q19/4 #1181 Late Epigravettian Cervus elaphus 10a Lower M3L 7 Yes 16.7 Yes 

RPT-26 Riparo Tagliente RT Q35/6 #1176 Late Epigravettian Cervus elaphus 10a Lower M3R 6 Yes 17.5 Yes 

RPT-27 
Riparo Tagliente RT Q22 Late Epigravettian Cervus elaphus 10a Lower M2R 6 Yes 15.5 No 

RPT-27 Riparo Tagliente RT Q22 Late Epigravettian Cervus elaphus 10a Lower M3R 7 Yes 17.9 Yes 

RPT-28 Riparo Tagliente RT Q38/6 #1198 Late Epigravettian Cervus elaphus 10b Lower M3R 7 Yes 17.5 Yes 

RPT-29 Riparo Tagliente RT Q80/7 #1237 Late Epigravettian Cervus elaphus 10b Lower M3R 11 Yes 22.3 No 
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Lab ID Site Excavation ID Culture Species SU Tooth 
Bands      

N 

ERJ 

point 

Crown 

height 

(mm) 

Dent. 

Ext. 

RPT-30 
Riparo Tagliente RT Q37/6 #1166bis Late Epigravettian Cervus elaphus 10c Lower M3R 8 Yes 23.2 Yes 

RPT-31 Riparo Tagliente RT Q50 #1229 Late Epigravettian Cervus elaphus 10d Lower M3R 8 Yes 22.8 Yes 

RPT-32 
Riparo Tagliente RT Q79/9 #1239 Late Epigravettian Cervus elaphus 10d Lower M3R 8 Yes 19.1 Yes 

RPT-33 Riparo Tagliente RT Q15 #4727 Late Epigravettian Cervus elaphus 13 Lower M3L 8 Yes 23.7 Yes 

RPT-34 
Riparo Tagliente RT Q511-7 #4118 Late Epigravettian Cervus elaphus 13 Lower M3L 7 Yes 21.1 Yes 

RPT-35 Riparo Tagliente RT Q15 #4695 Late Epigravettian Cervus elaphus 13 Lower M3L 8 Yes 18.2 Yes 

RPT-36 
Riparo Tagliente RT Q22 #3055 Late Epigravettian Cervus elaphus 10a Lower M3R 6 Yes 21.2 Yes 

RPT-37 Riparo Tagliente RT Q54 #1302 Late Epigravettian Cervus elaphus 10a Lower M3R 9 Yes 27.6 Yes 

RPT-38 
Riparo Tagliente RT Q9519 #1191 Late Epigravettian Cervus elaphus 10a Lower M3R 6 Yes 18.9 Yes 

Total 
      303    
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 (1) The MAT temperature values for our teeth samples were estimated related to the 

entire continent of Europe using an already published relationship by Skrzypek et al. (2011), 

where the δ18Ow calculation was based on fossil mammal teeth: 

 

 𝑇𝑎𝑖𝑟 = 1.41 × 𝛿18𝑂𝑤 + 21.63 3.4 

 

(2) To assess whether the seasonal changes in red deer intra-tooth δ18Ocarb isotope signatures 

reflect seasonal climate variations, we need to compare the teeth isotope results with the 

temperature in the region of Riparo Tagliente site. We then used data from the Global Network 

of Isotopes in Precipitation (GNIP) (IAEA/WMO, 2024) for the MMT estimations (e.g. 

Gasparik et al., 2023; Skrzypek et al., 2011; Tütken et al., 2007). This GNIP database did not 

provide any meteorological stations in Verona that can provide data with the δ18O composition 

of precipitation. However, we could find the closest GNIP station to the study area, that is 

Feletto Umberto in the Friulia region, Italy. The Feletto Umberto station (46.1° N, 13.22° E) is 

located in the south-east of the pre-Alps at the elevation of 135 m a.s.l. and approximately 250 

km (retrieved from Google Maps) northeast of the Riparo Tagliente. From the data provided by 

this GNIP station, we derived an equation having a good linear relation between two variables. 

Finally, we estimated the mean monthly air temperature (MMT) for Riparo Tagliente using this 

derived equation and the δ18Ow that was calculated based on tooth δ18Ocarb.  

 

 

 To summarize the chapter, the red deer teeth from the study site were chosen based on 

the followings (1) latest-forming lower permanent molars M3R or M3L and M2 to record the 

diet, habitat, and seasonal variability during the first and second year of deer early life; (2) less 

fractured permanent molars. To perform the carbonate isotope analysis, in total 42 teeth (33 

third molars and 9 second molars) were selected out of the stratigraphic levels 13-5 from the 

trench area. After we cleaned the buccal surface of the crown from where we extracted 

horizontal strips of fine enamel powders, without touching the underlying dentine. Tubes 

holding 10-15 mg of sampled enamel bioapatite were pretreated following the laboratory 

protocol: (1) treated with sodium hypochlorite-NaOCl (2.5% Cl) to remove organic matter, (2) 

then reacted with 1 M acetic acid buffered solution (CH3COOH) to remove diagenetic 

carbonates. These purified bioapatite carbonates (or hydroxylapatite carbonates) were then 

measured in the IRMS. The obtained oxygen (δ18Ocarb. in ‰ vs. VSMOW) and carbon (δ13Ccarb 

in VPDB) isotope ratio values will be brought out in detail in the following chapter.  
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Chapter 4 – RESULTS 

 

 

 In the last chapter, the materials and methods for carrying out this research were 

explicitly discussed. Briefly, we selected archaeological red deer teeth, third and second molars. 

Then we analyzed the isotopic signals in the red deer teeth enamel by measuring the carbonate 

δ18Ocarb and δ13Ccarb values to obtain a deeper insight into the red deer diet, and habitat at first-

life seasonal stages. In the previous chapter, all analytical procedures were also presented 

stepwise: starting from tooth enamel sampling and pretreatment until the preparation of samples 

to Mass Spectroscopy measurement. Afterward, we discussed how we deal with measured 

results by focusing on the conversion of isotopic values from one standard unit (V-PDB) to 

another (V-SMOW), as well as comparing the δ18Ocacb values with the local meteoric water to 

estimate the mean monthly (MMT) and mean annual (MAT) air temperatures (Tair) for 

archaeological site Riparo Tagliente. 

 Now it is that chapter where we report, all obtained results from the carbonate isotope 

analysis of red deer teeth enamel. In this crucial stage of the research, we are going to determine 

bands that gave a reliable result for further isotopic interpretation, and why some were excluded 

from the final data set, by applying quality control criteria.  

 In general, this chapter will be covered in four sub-chapters. First, we begin with the 

results of bio-apatite carbonate preservation in our samples. Here we will investigate whether 

the CaCO3 content of each sample matches the expected carbonate content, expressed in weight 

percent, or deviates from it likely due to contamination and/or incomplete chemical reaction 

during the pretreatment. In the following two sub-chapters, first δ13Ccarb and then δ18Ocarb values 

results will be described separately for each tooth. In these steps, intra-tooth and inter-tooth 

ranges, minimum and maximum values as well as mean values for both an individual and whole 

population will be calculated to detect dietary signals (δ13Ccarb) and seasonal changes (δ18Ocarb). 

In the last sub-chapter, the MMT and the MAT temperature for the Riparo Tagliente site will 

be provided, which were calculated based on data from the GNIP meteorological stations, 

including two locations: the entire Europe and Feletto Umberto.  

 

4.1  Enamel Carbonate preservation 

  

 Carbonate content (CaCO3) was determined by measurement of the amount of CO2 

generated from tooth enamel under acid reaction during IRMS measurement. The weight 
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percent carbonate for enamel hydroxylapatite is estimated by [(weight CO3/weight sample) 

×100] (Koch et al., 1997). We expected the weight percent of carbonate content (CaCO3) for 

our samples in the ranges of 2.3 – 5.8 % for enamel (Koch et al., 1997; Rink & Schwarcz, 1995; 

Zazzo et al., 2005) as well as 4.4 – 8.9 % for dentine (Zazzo et al., 2006) which preserves a 

higher carbonate content than an enamel (e.g. Drucker et al., 2024). These percentages are based 

on the reported analyses of the modern enamel (e.g. bovid, elephant, hippo, horse). If there is a 

diagenetic alteration or impurity of the enamel, the values are expected to be much more varied 

from the above-defined percent ranges, respectively (e.g. Drucker et al., 2024). The reliability 

test on the obtained data from the CaCO3 content was further done by comparing the values 

yielded by enamel and dentine, and then the intra-tooth CaCO3 results were also used as a 

diagnostic tool for identifying contaminating signs within the tooth carbonate (e.g. Drucker et 

al., 2024; Martin et al., 2008) (Fig. 10 and Fig. 11). 

 

 
 

Fig. 10. The quality control of obtained isotopic results from carbonate (CaCO3) content for all teeth 

samples. A comparison of enamel and dentine δ13Ccarb values.  

Each symbol indicates one stratigraphic unit. The large signs represent dentine values and the small ones 

are enamel results. 

 

 Results for 303 enamel hydroxylapatite samples yielded reliable data on carbonate 

content, albeit not in all samples. The overall percent carbonate for treated enamel samples 
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ranges from 2.3 % to 4.9 %, and for dentine, which was collected to monitor the quality of our 

enamel carbonate, it ranges between 1.5 % and 6.4 % (Table A. 1). The intra-tooth variation of 

weight percent carbonate (the differences between maximum and minimum values of CaCO3 

(%) within one given tooth) ranges between 0.1% – 1.8%. We will further take a look at the 

results of intra-tooth carbonate content by the stratigraphic layers.   

 Specimens (two M3L) from layer 5 provided a carbonate content ranging between 2.7% 

– 3.9% in weight for enamel and the reference dentine gave the range of 4.6% – 4.9%.in weight 

percent CaCO3 (Table A. 1). One tooth (RPT-R9) from the SU 6 provided two bands with a 

lower carbonate content than the rest samples in the tooth (2.8 – 2.9% against 3.4 – 3.9%) as 

well as an unexpected scattering of oxygen values. These records were excluded from the set 

of reliable data.  

 

 
 

Fig. 11. The quality control of obtained isotopic results from carbonate (CaCO3) content for all teeth 

samples. A comparison of enamel and dentine δ18Ocarb values.  

Each symbol indicates one stratigraphic unit. The large signs represent dentine values and the small ones 

are enamel results. 

 

These deflections of RPT-R9 were perhaps caused by possible contamination with dentine or 

bone during sampling since the tooth has a cracked crown surface and still was enclosed in the 
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carbonate weight percent (1.3 %) and some scattered δ18Ocarb values that traced the imprecise 

seasonal turning points. Conversely, the tooth RPT-R9 did record a sloping line pattern, so no 

incremental change could be observed (Fig. A.1 - 2). Within the specimen RPT-R10, one 

enamel band with the lowest carbonate content (2.8%) that provided the lowest δ13Ccarb value 

was excluded, after which we got a more reliable distribution pattern of isotopic signals (notably 

in δ18Ocarb) (Fig. 12). The teeth from this level yielded the weight percent carbonate that varies 

between 4.5% – 5.0% for dentine and 2.5% – 4.1% for enamel, and after the state of exclusion 

the intra-tooth range became 0.7% – 1.2% (Table A. 1).  

 In the SU 7, only four teeth (RPT-R13-M2/M3, RPT-R14, RPT-R16-M3) out of eight 

showed satisfactory isotopic data. Enamel samples from this layer provided the percent 

carbonate ranging between 2.5% – 4.5% and dentine gave the ranges of 1.5% – 4.5% (Table A. 

1). The intra-tooth carbonate content varied from 0.5% to 1.6%. One band in the tooth RPT-

R11 gave lower isotopic values than the rest rows and therefore it was eliminated so that we 

could make RPT-R11 more reliable for further isotopic interpretation. The three bands in RPT-

R15 that made the tooth with the highest intra-tooth variability (1.6%) among the specimens in 

layer 7, were excluded. After the exclusion of these bands (one gave the highest 4.5% in weight 

CaCO3 and two gave the lowest 2.9%), we got a more reliable tendency, at least in oxygen 

isotopic values (Fig. 12). Even if the dentine of RPT-R16 yielded the lowest rate (1.5%) in 

weight CaCO3 it well recorded one-year seasonal contrast (summer and winter), whereas RPT-

R16-M2 with its dentine carbonate content of 1.8%, displayed the inconclusive pattern of 

δ18Ocarb values. One band of RPT-R16-M2 was not considered as reliable due to its lowest 

carbonate weight through the crown (3.3% against 3.7% – 4.0%). It is perhaps due to likely 

dentine contamination as these second and third molars were sampled on the adjacent lophs 

holding in the jawbone. Last the RPT-R12, the collected three bands from its crown were not 

trustworthy due to relatively low carbonate contents (2.5 – 2.9% against 3.2 – 3.6%), and the 

δ18Ocarb values recorded more plain sinusoidal pattern (Fig. A.1 - 3).  

 Red deer molars from level 8 provided a carbonate content that varies from 2.3% to 

4.1% for enamel and 3.9% – 5.2% for dentine material. Intra-tooth enamel carbonate content 

ranges between 0.4% – 1.8% (Table A. 1). We had doubting results from four specimens (RPT-

18-M2 and RPT-18-M3, RPT-19-M3, RPT-20-M3) whereas the other three showed satisfying 

values of carbonate content. No incremental changes were observed in the δ18Ocarb values of 

RPT-19-M3 molar (a quite flat graph with high δ18Ocarb values) and one sampled band was 

excluded because of the higher CaCO3 content than other intra-tooth samples (4.1% versus 

3.4% – 3.7%). After the exclusion of a band in doubt, the flat curve in δ18Ocarb values is still 
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kept. It might be considered as an ecological signal, reflecting that the individual spent the cold 

winter in a milder environment away from the shelter. With the highest 1.8% intra-tooth 

variation, the specimen RPT-18-M2 had enamel bands lack of reliability; one band gave very 

low carbonate content (2.3% against 3.5% – 4.1%), and the other two had no comparable 

isotopic values δ13Ccarb and δ18Ocarb. These bands thus were eliminated from the sample set of 

the tooth. Therefore, the intra-tooth range dropped to 0.6% and we obtained a more readable 

seasonal graph (unfinished U-shape curve) for oxygen values (Fig. 12). A similar amendment 

was applied to RPT-18-M3 and RPT-20-M3 each of which one band that deviating in intra-

tooth carbonate values was excluded. These samples were probably contaminated by possible 

alterations from their surface fractures. As a result of this exclusion, the carbonate content 

within the tooth finally declined to 0.3% (RPT-18-M3) and 0.4% (RPT-20-M3) (Fig. 12). 

Specimens from the US 9 provided the percent carbonate content 2.9% – 4.3% in enamel and 

2.8% – 6.4% in dentine and intra-tooth carbonate content ranges from 0.1% to 1.2%. In the 

tooth RPT-21-M3, the δ18Ocarb values distributed without giving any clear trend profile, and a 

band close to the root gave relatively high carbonate content, which was excluded from the 

further isotopic explanations (Table A. 1 and Fig. A.1 - 5). Two specimens RPT-22-M2 and 

RPT-22-M3 yielded one (3.6% versus 3.9% – 4.3%) and two strips (4.1% and 2.9%) with no 

reliable carbonate content, respectively. Doubtful bands were taken away and oxygen values 

then managed to record only half of the reversed U-shape curve corresponding to half of one 

season, which was still not efficient for further consideration. The last tooth RPT-24-M2 

supplied the imperfect data due to its three bands with lower carbonate content (3.0% – 3.3% 

against 3.6% – 3.9%). When we did not count these three bands, almost one-year incremental 

changes could be observed in oxygen values (Fig. 12).  

 There are twelve specimens in the SU 10, from which only six gave more demonstrative 

isotopic results for further interpretation. The dentine results of RPT-26 one of these six teeth, 

were excluded from the reliable data set because it provided unacceptable values (23.5% in 

CaCO3 and the very lowest δ13Ccarb value) (Table A. 1). In this case, the dentine material 

definitely underwent the diagenesis process. In addition, RPT-25 was also included in this set 

after a small correction in the intra-tooth rows. A couple of strips that gave slightly higher 

CaCO3 content, 4.0% and 3.8%, than the rest of the crown (3.4% – 3.6%) were discarded.  We 

then got the δ18Ocarb values exhibiting an almost summer season pattern along the tooth crown 

(Fig. 12). The tooth RPT-31 was analyzed twice. As a result of two measurements, it provided 

two bands, relatively lowest (3.6%) and highest (4.6%) than the rest (3.8 – 4.3%), which 

ultimately were discarded.    
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Fig. 12. Summary of red deer teeth with the revised results of carbonate (CaCO3) content  

Unreliable bands were excluded during the reliability test of weight percent carbonate content for these 

specimens. These are thus considered for further isotopic interpretations (e.g. in definition of δ18Ocarb).  
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Its dentine yielded a carbonate content of 6.1% in weight and the intra-tooth enamel carbonate 

range is 0.9%. Moreover, isotopic values were spread randomly by giving an unclear trend 

model. It was thus considered contaminated with dentine material. The specimen RPT-27-M2 

with intra-tooth carbonate content range 1.0% gave one strip with the lower weight (2.9% in 

contrast with 3.7% – 3.9%), which was excluded too. No any doubtful signals were detected in 

the carbonate content of the RPT-27-M3, which generated a stable flat curve with high δ18Ocarb 

values similar case with RPT-19 (level 8) and RPT-35 (level 13) (Fig. A.1 - 6 and Table A. 1). 

From the last layer 13, only one tooth (RPT-34) out of three, yielded adequate data for further 

consideration. The specimens from this level yielded carbonate content ranging from 3.2 % to 

4.2 % in enamel and 4.0 % to 6.3 % in dentine as well as the intra-tooth variability in weight 

percent carbonate is between 0.5% – 0.8% (Table A. 1). Even though RPT-33 gave a low-level 

intra-tooth range (0.5%) in weight CaCO3 and stable isotopic results comparable to the 

corresponding dentine, oxygen values were simply scattered in the unwished sloping course. 

Likewise, the specimen RPT-35 with its intra-tooth results of 0.6% produced a higher δ13Ccarb 

value in dentine that is not comparable to the enamel isotopic data. The δ18Ocarb values occurred 

in the horizontal flow along the tooth crown, although no dubious signals in carbonate content 

and oxygen isotope values were observed. The flat curve with high δ18Ocarb values in the 

specimen RPT-35 can be considered as an ecological signal, suggesting red deer spent the 

winter in a milder conditioned environment, perhaps away from the site (Fig. A.1 - 7).  

 

 

4.2  Carbonate δ13C isotopic results 

 

 The δ13Ccarb values for all analyzed teeth are similar and range from –13.3 ‰ to –10.6 

‰ in the entire stratigraphic sequence of 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 0.05 ‰ and 0.5 ‰. The sole one red deer RPT-29 from level 10b has a lower mean 

δ13Ccarb value (also in δ18Ocarb values) whereas the rest of the specimens range between – 12.5 

‰ and – 11.2 ‰ on average (Fig. 13). 
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Fig. 13. The mean values and standard deviations of δ13Ccarb and δ18Ocarb for each sampled red deer teeth 

(third molars – 33 pcs, second molars – 9 pcs) 

 

 

Furthermore, the variations in the δ13Ccarb values of carbonate hydroxylapatite in herbivores 

reflect differences between plants, which are primarily controlled by different photosynthetic 

(i.e. C3, C4, CAM types) pathways (DeNiro & Epstein, 1978; Lee-Thorp et al., 1989; Lüttge, 

2004). The data of δ13Ccarb measurements for the analyzed red deer confirm a diet based on 

terrestrial C3 plants with the carbon values mentioned above. Moreover, using diet-bioapatite 

13C-trophic discrimination factor of +13.6 ‰ (see more Drucker et al., 2024) for the mean 

δ13Ccarb values (between –12.8 ‰ and –11.2 ‰), the δ13Cdiet of the diet can be estimated to 

around – 26.4 ‰ to – 24.8 ‰ , which are expected values for terrestrial C3 plants.  

 The intra-tooth Δδ13Ccarb variability in teeth (that is a difference between the highest and 

lowest values per tooth) ranges from 0.1 ‰ to 1.5 ‰, which is not as high as in Δδ18Ocarb 

variation (0.5‰ – 3.5‰) (Table 2). It reflects that there is not a significant seasonal variance 

in the red deer diet. In addition, the relatively flat incremental changes of δ13Ccarb values can be 

also observed in the graphical materials (Figure A. 1). However, some incremental plots of 

δ13Ccarb values display a considerable contrast between winter and summer (e.g. increasing 
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values in RPT-R8, RPT-17, and the declines in RPT-20-M2, RPT-26, RPT-27-M2) (Figure A. 

1). It refers to the lower δ13C values in summer and higher δ13C values in winter, by confirming 

that trees and shrubs were dominating in red deer diet during summer, while in winter, to some 

extent, red deer adapted to grazing behavior to feed on the open grassland. Out of 33 third 

molars, only one specimen RPT-R12 gave an inversed U-shape pattern (layer 7) and four 

specimens RPT-R7, RPT-R16, RPT-30, and RPT-35 generated a sinusoidal pattern in δ13Ccarb 

through the stratigraphic units 5, 7, 10c, 13, respectively (Figure A. 1). Twenty specimens 

displayed quite horizontal profiles or unclear tendency with the range values less than 1‰ (0.3 

– 0.9 ‰) and the rest have slightly sloping profiles that tending toward either winter (RPT-R8, 

RPT-29, RPT-34, RPT-38) or summer (RPT-18, RPT-19, RPT-22, RPT-23) seasons. From the 

set of second molars, three of which (RPT-19, RPT-20, RPT-27) gave a slight reflection of the 

summer season effect, although have not completed the incremental curves (Figure A. 1). One 

specimen (RPT-22) produce unclear profile in δ13Ccarb values with the range value of 1.0‰. 

Finally, the rest of the second molars generate more plane models without seasonal fluctuations 

with intra-tooth ranging from 0.1 to 0.7 ‰ (Figure A. 1).  

 The δ13Ccarb values in all third molars varied from –13.3 ‰ to –10.6 ‰ and in all second 

molars, it is between –12.7 ‰ and –10.9 ‰. The δ13Ccarb values of these second molars (from 

–12.7‰ to –10.9‰) are a little higher than the corresponding third molars which recorded the 

δ13Ccarb values within –12.9 ‰ and –11.0 ‰ (Table 2). It supports a slight change in the 

summer-winter diet, and/or environment within the specimen. As previously mentioned that we 

have collected both third and second molars for the nine specimens from levels 10a, 9, 8, and 

7. Red deer (RPT-27) from level 10a have 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. It 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 inter-tooth (M3 and M2) variation in δ13Ccarb values as in level 10a 

(Table 2).  

 Taking all samples (42 teeth) into account, red deer do not produce a significant 

differences in δ13Ccarb values when grouped according to the stratigraphic units; with mean 

δ13Ccarb values of –12.0 ± 0.1 ‰ (n = 2 ) for level 5, –11.6 ± 0.6 ‰ (n = 3) for level 6, –11.9 ± 

0.4 ‰ (n = 8) for level 7, –11.9 ± 0.4 ‰ (n = 7) for level 8, –11.9 ± 0.3 ‰ (n = 7) for layer 9, 

–11.9 ± 0.3 ‰ (n = 7) for layer 10a, –12.0 ± 1.2 ‰ (n = 2) for layer 10b, –11.5 ± 0.2 ‰ (n = 1) 

for layer 10c, –11.7 ± 0.5 ‰ (n = 2) for layer 10d, and –11.5 ± 0.3 ‰ (n = 3) for the last layer 
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13 (Table 2). However, the graph plotted based on mean values of δ13Ccarb and δ18Ocarb, still 

shows that there are some red deer teeth with relatively high δ13Ccarb values in the layers SU 13, 

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. 13).  

 

4.3  Carbonate δ18O isotopic results 

 

 The range of δ18Ocarb isotopic values covers from +20.3 ‰ to +26.6 ‰ including all red 

deer teeth analyzed at the archaeological site (Table 2). The intra-tooth variation of Δδ18Ocarb 

values spans from 0.5 ‰ to 3.5 ‰ and is much more pronounced than in carbon values (from 

0.1 ‰ to 1.5 ‰). The higher amplitude within the teeth should allow us to observe the expected 

one-year or single winter/summer seasonal fluctuations. The seasonal contrast could be 

discovered in most incrementally sampled teeth except for thirteen specimens, which recorded 

an unclear trend (RPT-R12-M3, RPT-21-M3, RPT-22-M3, RPT-31-M3), S-shaped curve 

(RPT-R16-M2), horizontal (RPT-19-M3, RPT-20-M3, RPT-27-M3, RPT-35-M3) or inclined 

(RPT-R9-M3, RPT-22-M2, RPT-38-M3, RPT-33-M3) profiles with no incremental changes 

(Figure A. 1). The incomplete state of S-shaped teeth (RPT-R16-M2) is likely due to its lowest 

crown of 12.7 mm (was collected only 5 bands and with no ERJ). Only six specimens exhibited 

the expected sinusoidal profile in δ18Ocarb values including one summer followed by one winter 

(RPT-R7-M3, RPT-R10-M3, RPT-R14-M3, RPT-R16-M3, RPT-30-M3) and one winter 

preceding one summer (RPT-21-M2) with the intra-tooth range between 1.3‰ and 2.6‰. The 

sequential δ18Ocarb patterns were an inconclusive U-shaped curve for nine specimens (RPT-R8-

M3, RPT-R11-M3, RPT-R13-M3, RPT-19-M2, RPT-28-M3, RPT-29-M3, RPT-32-M3, RPT-

36-M3, RPT-37-M3) and either a reversed unfinished J-shape for three teeth (RPT-R6-M3, 

RPT-R15-M3, RPT-17-M3) or a J-curve (RPT-18-M2), but they still showed a trend to reflect 

mainly the winter season. Finally, the last ten specimens generated the profiles corresponding 

mainly to the summer season, including an unfinished inversed U-curve (RPT-R13-M2, RPT-

18-M3, RPT-20-M2, RPT-24-M2, RPT-23-M3, RPT-26-M3) and half an inverted U-shape 

(RPT-24-M3, RPT-25-M3, RPT-27-M2, RPT-34-M3) (Figure A. 1). Indeed the third molars 

could provide a record of one-year seasonal pattern; however, the limited seasonal records of 

this study are probably due to the presence of fractures on the crown surface of the teeth. It also 

could be due to the complex nature of enamel maturation that is sometimes not able to obtain 

an uninterrupted time period of the isotopic variation experienced by the animal (e.g. Balasse, 

2002; Zazzo et al., 2005).   
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Table 2. Summary statistics results of carbonate δ13C and δ18O isotope values for each red deer tooth  

SU – stratigraphic unit. L – left side, R – right side, and all teeth are lower permanent molars (M3 and M2). N – number of analyzed samples (bands) per tooth. 

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. 

 

     δ13Ccarb (‰ VPDB) δ18Ocarb (‰ VSMOW) 

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

RPT-R6 RT81 Q3519 

#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 -12.6 -11.6 0.9 -12.1 0.4 25.3 26.6 1.3 25.8 0.6 

               

RPT-R8 RT q631 #6757 6 M3 R 8 -11.6 -10.6 1.0 -11.2 0.4 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 0.1 23.3 24.6 1.3 23.9 0.5 

RPT-R10 RT81 q5016 #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 23.1 25.0 1.9 24.1 0.8 

RPT-R15 RT81 q35/7 #7002 7 M3 R 5 -11.8 -11.6 0.3 -11.7 0.1 23.0 24.7 1.7 23.6 0.7 

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 -12.9 -11.7 1.2 -12.2 0.4 22.9 24.8 1.9 23.8 0.7 
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     δ13Ccarb (‰ VPDB) δ18Ocarb (‰ VSMOW) 

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

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 -11.5 0.1 -11.5 0.05 21.1 24.6 3.5 22.2 1.4 

RPT-18 RT8 q6 #7628 8 M3 R 7 -12.6 -11.5 1.1 -12.1 0.4 23.1 24.7 1.7 24.1 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 Q3613 #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 -12.0 0.2 23.3 24.6 1.3 23.9 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 -11.7 0.3 -11.8 0.1 22.2 24.9 2.7 23.7 1.0 

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 24.4 0.8 

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 #9536 9 M2 R 6 -12.2 -11.8 0.4 -12.0 0.1 24.9 26.6 1.7 25.4 0.7 

RPT-24 RT Q6 #9536 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 -12.0 0.1 22.3 24.1 1.8 23.5 0.7 

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 0.2 22.6 24.8 2.2 24.0 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 
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     δ13Ccarb (‰ VPDB) δ18Ocarb (‰ VSMOW) 

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

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 Q9519 #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 
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As a result, the maximum and minimum values of δ18Ocarb, only those that recorded summer 

and winter tendencies, can be observed in the plotted graph (Fig. 14).  

 

 
 

Fig. 14. The maximum and minimum values of oxygen isotope ratios (δ18Ocarb) for those sampled red 

deer teeth that recorded the seasonal contrasts through the crown length. 

 

 

In addition, their corresponding δ13Ccarb values were also grouped and demonstrated to check 

whether they support these seasonal phases in δ18Ocarb data (Fig. 15). In figure 15, the high 

δ13Ccarb values in layers 13, 8, 6, and 5 were clearly exhibited as expected, whereas levels 9 and 

7 also somehow showed the high points of δ13Ccarb, representing summer phases. 

 Briefly, thirteen third molars well provided the sole winter seasonal signal and just five 

specimens reflected the summer trend, while only summer was detected effectively in four 

second-molars, and the winter period was exhibited in two second-molars (Figure A. 1). This 

evidence supports the principle that 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 (e.g. 

Drucker et al., 2024; Stevens et al., 2011). A couple of third molars (RPT-R12 and RPT-35) 

where an unclear trend was detected in δ18Ocarb values, however, they showed 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, it could be clearly seen the summer season in δ18Ocarb pattern with 

the decreasing model of δ13Ccarb values at a similar pace (M3=RPT-18, RPT-23, RPT-26; M2= 

RPT-20, RPT-27). 
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Fig. 15. The values of carbon isotope ratios (δ13Ccarb) corresponding to the maximum and minimum 

values of oxygen isotope ratios for those sampled red deer teeth that recorded the seasonal contrasts 

through the crown length. 

 

 

In most specimens that generate the sole winter phase in the δ18Ocarb values (including both 

second and third molars), there is no prominent variation in the level of the δ13Ccarb values 

ranging less than 1.0‰, except for five teeth (RPT-17, RPT-19-M2, RPT-34, RPT-36, RPT-

37) where we can see the reversal increase in carbon isotope values even if it is a significantly 

small (Figure A. 1).   

 For the whole specimens, the highest intra-tooth variation in δ18Ocarb values (5.2 ‰) was 

observed in level 10, including all sub-layers (10a, b, c, d), while the smallest was detected in 

layer 13 with a range of 3.2‰ (from max: +24.1‰ to min: +20.9‰). Even if considering the 

archaeological layer 10a alone, it still yields the highest intra-tooth range of 4.8 ‰ (from max: 

+25.2‰ to min: +20.4‰) among the entire stratigraphic series. In addition, the highest winter-

summer contrasts were also observed in the teeth from layer 10 (a, b, c, d) with the seasonal 

range 4.9 ‰ (amplitude between minimum point of winter and maximum point of summer). 

Similar to the intra-tooth ranges, the intra-individual variation was also compared with 

individuals for which both second and third molars were collected (nine red deer). 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).  
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 In the cumulative plotting of δ18Ocarb values from the samples of nine red deer, 

substantial intra-individual (between M2 and M3) δ18Ocarb variation and some variation between 

individuals can be detected (see Fig. 16). In general, δ18Ocarb values are higher or lower in the 

second molars in comparison with the corresponding third molars, from which can still be 

observed the broadly sinusoidal pattern across the second and third molars.  

 

 
 

Fig. 16. Incremental plots of intra-tooth oxygen isotope ratios (δ18Ocarb) for second (M2) and third molars 

(M3) for 9 sampled red deer 

 

 

Moreover, the δ18Ocarb patterns in the third molars seem to directly continue the pattern 

measured in a second molar despite small temporal overlaps or gaps trended in δ18Ocarb isotopic 

values. It should be noted that the mineralization of permanent third molars of red deer starts 

(between 9 to 26 months) just after the end of the preceding mineralization phase of the second 

molars (from 3 to 9 months) (Brown & Chapman, 1991b).  

 The case with the following specimens was intriguing; three molars with the winter 

model (RPT-R8, RPT-14, RPT-29) showed a tendency alarming the following spring or early 

summer with the coeval increase of both δ18Ocarb and δ13Ccarb values. In addition, we can observe 

how the δ13Ccarb isotope level is slightly increasing with the beginning of the summer trend in 

second molars RPT-19 and RPT-22. On the contrary, RPT-R11 showed how coevally decreased 

the δ13Ccarb value with the end of the preceding summer trend. Similar seasonal contrast can be 
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also observed in RPT-R16-M3, which generated a strong sine wave trend in δ18Ocarb and where 

the δ13Ccarb value dropped in the winter stage and increased with the summer. These cases were 

detected from the stratigraphic levels 6, 7, 8, 9, and 10b. Samples RPT-R10-M3 (SU 6) and 

RPT-21-M2 (US 9) with sinusoidal trend detected no seasonal fluctuations in δ13Ccarb values 

ranging from 0.2‰ to 0.3‰, respectively. In contrast, third molars RPT-R7 (SU 5) and RPT-

30 (SU 10c) showed a sine wave even in the δ13Ccarb value with the range 0.9 ‰ and 0.7 ‰, 

suggesting little seasonal changes in diet and habitat during the formation of the teeth (Figure 

A. 1).  

 

4.4  Reconstruction of the seasonal and annual temperatures 

 

 Global Network for Isotopes in Precipitation (GNIP) database (IAEA/WMO, 2024) was 

used to acquire data for the local climatic variations. At the selected Feletto Umberto GNIP 

station, the locally registered data (air temperature, precipitation amount, and precipitation 

δ18O) were for three consecutive years 1985, 1986, and 1987 with the missed data in both 

δ18Oprecipitation and precipitation for just one month (see Table 3). To obtain the seasonal range 

in temperature for this GNIP location, we need to generate the positive relationship between 

precipitation water δ18Ow and temperature Tair. Therefore, we correlated acquired data in the 

mean annual model as well as a mean monthly model of air temperature. In the model of mean 

annual air temperature (MAT), the plotted set of data is more scattered which can be considered 

unreliable. The coefficient of determination is R2=0.7 for this model. On the other side, a good 

positive relationship exists between δ18Ow and mean monthly air temperature (MMT) (r2 = 0.82) 

(Fig. 17). In the end, the equation derived from the model of mean monthly Tair is more 

reasonable for our study. The following is that a derived MMT equation for the Feletto Umberto 

location based on the relationship of the local precipitation water δ18Ow and air temperature Tair: 

 

 𝑇𝑎𝑖𝑟 = 3.8175 ∗ 𝛿18𝑂𝑤 + 42.186 4.1 

 

 To be able to compare the tooth δ18Ocarb isotopic values with the modeled precipitation 

δ18Ow and air temperature, we calculated the isotopic composition of drinking water consumed 

by the red deer. First, following the equation (3.2) by (Coplen, 1988) that was stated in the 

methods chapter, the red deer δ18Ocarb values in the VPDB (‰) scale were converted to the 

VSMOW (‰) scale, and all results were indicated in (Table A. 1).   
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Table 3. Summary of meteorological data obtained from GNIP/IAEA, WISER database for 

Feletto Umberto station  

GNIP Project Region: Friulia, NE, Italy. Location – 46.1° N, 13.22° E. Altitude – 135 m. (a.s.l). 

 

Month Precipitation δ18Ow  Precipitation Air temperature 

 (‰ vs. VSMOW-SLAP) ( mm) ( °C ) 

1985-01 -11,08 90 -0,5 

1985-02 -10,9 79 2,4 

1985-03 -7,69 102 7,3 

1985-04 -6,5 156 10,5 

1985-05 -7,85 151 16,5 

1985-06 -7,47 172 18,7 

1985-07 -4,83 39 23,1 

1985-08 -4,97 162 22,2 

1985-09 -5,35 24 20,4 

1985-10 -5,85 46 14,6 

1985-11 -7,66 98 6,7 

1985-12 -7,9 74 5,9 

1986-01 -9,9 89 2,3 

1986-02 -11,22 96 2 

1986-03 -7,41 99 7 

1986-04 -6,84 107 11,8 

1986-05 -7,62 61 19,4 

1986-06 -7,02 76 20 

1986-07 - - 22,3 

1986-08 -4,52 160 23 

1986-09 -6,89 102 18,5 

1986-10 -7,19 69 14,3 

1986-11 -10,2 88 8,4 

1986-12 -12,05 66 2,7 

1987-01 -9,98 80 0,3 

1987-02 -10,76 99 4,1 

1987-03 -8,12 103 3,7 

1987-04 -6,89 128 11,3 

1987-05 -7,22 94 14,8 

1987-06 -6,64 60 19 

1987-07 -6,7 48 23,1 

1987-08 -5,99 94 21 

1987-09 -6,32 132 21,1 

1987-10 -8,18 94 13,7 

1987-11 -9,69 76 8,2 

1987-12 -10,12 104 4,3 

From: IAEA/WMO (2024). Global Network of Isotopes in Precipitation. The GNIP Database. Accessible at: 

https://nucleus.iaea.org/wiser.  

https://nucleus.iaea.org/wiser
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 Then using the equation (3.3) that is the relationship between modern red deer bone 

carbonate and local meteoric water, established by (Iacumin et al., 1996), the drinking water 

δ18Ow of the red deer was calculated. The meteoric water δ18Ow values were calculated only for 

those specimens that gave sufficient seasonal patterns since other teeth with unclear trends are 

not comparable with a seasonal temperature (see Table 4). 

 Based on the MMT equation (4.1) derived for the Feletto Umberto GNIP station, the 

MMT was estimated for all specimens with the seasonal tendency (see Table 4). According to 

the estimated MMT, the coldest winter at Riparo Tagliente the period of tooth enamel 

mineralization for this red deer population was recorded in the archaeological level 10 and level 

13, whereas warmer summers and milder winters are indicated in levels 9 and 7 (Fig. 18). In 

detail, –8.4 °C for layer 10a and –8.9 °C for layer 10b where we even detected the lowest 

δ13Ccarb and δ18Ocarb values, and for level 13 for which the calculated temperature is dropped 

down to –6.5 °C.  

 

 
 

Fig. 17. Present-day linear relationship between the mean monthly air temperature Tair and the mean 

monthly δ18Ow value of environmental water, extracted from the GNIP/WISER database for Feletto 

Umberto meteorology station  

Its MMT is higher than 0 °C. 
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According to the pollen chronozone and isotopic chronological subdivision, the archaeological 

level 13 is associated with Oldest Dryas (GS-2.1a) and level 10a is within Oldest Dryas (GS-

2.1a) and Bølling–Allerød (GI-1), however, 10b has not yet been determined chronologically 

(Table 4). Moreover, we can observe an abrupt increase in temperature in the stratigraphic level 

9 with the mean MMT of 14.5 °C in summer and 7.7 °C in winter. In total four summer stages 

were detected through the whole stratigraphic series: a summer in level 10 with the mean MMT 

of 7.6 °C, in level 9 with a mean of 14.5 °C, in level 8 with a mean of 8.6 °C, and in level 7 

with a mean of 11.5 °C. 

 In general, the estimated mean monthly Tair for the study area ranges between the lowest 

–8.9 °C and the highest 15.4 °C including all winter and summer seasons. If we compare the 

amplitude of winter-summer seasonal changes in temperature by grouping red deer according 

to stratigraphic units, we can then observe significant differences. The mean monthly minimum 

temperature (in winter) recorded on the level 10 (including all sub-layers) is –8.9 °C and the 

mean monthly maximum temperature (in summer) is 9.9 °C. For stratigraphic unit 9, the 

minimum in winter is 6.7 °C, and the maximum in summer is 15.4 °C. In layer 8, the recorded 

mean monthly minimum temperature is –5.9 °C and the mean monthly maximum temperature 

is 9.0 °C, whereas the layer 7 recorded the winter minimum of 1.2 °C and the summer maximum 

of 14.5 °C. The levels 13, 6, and 5 for which only winter phases were detected, recorded the 

mean monthly minimum temperature of – 6.5 °C, –3.1 °C and 0.1 °C, respectively (Fig. 18 and 

Table 4).                  

 As a supplement to the MMT results, the mean annual air temperature (MAT) for the 

study area was also estimated based on the already published general MAT equation (3.4) for 

continental Europe as we mentioned in the methods chapter. This equation was generated by 

(Skrzypek et al., 2011) using more than 13,000 station records from the GNIP/WISER database. 

The continental estimates of the MAT temperature are slightly less variable by showing only 

positive degrees of temperature in all years through the entire stratigraphic sequence (see Table 

4). It shows the lowest mean annual temperature (MAT) of 3.6 °C for level 13 as well as 3.0 °C 

for level 10a and 2.8 °C for layer 10b (Table 4). In general, this estimated mean annual Tair of 

the continental scale ranges between a minimum of 2.8 °C and a maximum of 11.7 °C including 

all stratigraphic layers. The mean annual minimum temperature recorded on level 10 (including 

all sub-layers) is 2.8 °C and the mean annual maximum temperature is 9.7 °C. For stratigraphic 

unit 9, the MAT minimum is 8.5 °C, and the MAT maximum is 11.7 °C. In layer 8, the recorded 

MAT minimum temperature is 3.9 °C and the MAT maximum temperature is 9.4 °C, whereas 

the layer 7 recorded the MAT minimum of 6.5 °C and the MAT maximum of 11.4 °C (Fig. 21 
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and Table 4). From these calculations, a big difference between the results of the MMT and the 

MAT is clearly observed. 

 

 

 

Fig. 18. Calculated Mean Monthly Air Temperature (°C) for the archaeological sequence at Riparo 

Tagliente, based on the linear equation (5) derived from the meteorological data of GNIP station, Feletto 

Umberto.  

In this plot, levels 10 and 7 were separated into sub-levels for clarity. Level 10 is 10a as a main 

stratigraphic unit. 

 

 

 In a summary of the reported results obtained from the carbonate isotope analysis of red 

deer teeth enamel, we have observed that not the whole set of sampled teeth gave a reliable 

result. First, we controlled the expected range of weight percent of carbonate content (ranges 

of 2.3 – 5.8 % for enamel, 4.4 – 8.9 % for dentine) in the analyzed samples and its potential 

effects on their corresponding δ13Ccarb and δ18Ocarb isotopic values. As a consequence of this 

reliability test, one or two horizontally sampled bands from more than ten specimens were 

excluded from the reliable data set. The values of carbon isotope ratios revealed not high ranges 

neither in the intra-tooth nor between individuals of the whole red deer population. Despite the 

one specimen, which gave the lowest carbonate isotope values, the mean values of δ13Ccarb per 

tooth range between –12.8 ‰ and –11.2 ‰, which reflects the C3 based plant diet with open 

grassland and no prominent seasonal dietary changes. Conversely, oxygen isotope ratios gave 
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high intra-tooth ranges that is associated with winter and summer seasonal stages. The δ18Ocarb 

isotopic values of 29 red deer teeth out of 42, recorded a good seasonal contrast for those later 

the present-day air temperature was inferred. To obtain the temperature, the winter minimum 

and summer maximum values of δ18Ocarb were first converted into drinking water (equation 3 

by (Iacumin et al., 1996)), and then into mean monthly air temperature correlated with the data 

from Feletto Umberto GNIP station. In the result, it was recorded only winter phases in levels 

13, 6, and 5 while both winter and summer seasons were well detected in levels 10, 9, 8, and 7. 

The minimum and maximum mean monthly air temperature (MMT) for the entire 

archaeological sequence of Riparo Tagliente ranges from – 8.9 °C (level 10) to 15.4 °C (level 

9). Further, in the discussion chapter, we will consider the possible interpretations, implications, 

and limitations of these described results.  
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Table 4. Calculated the mean annual air temperature (MAT), the mean monthly air temperature (MMT) and calculated meteoric water (δ18OW) for the 

sampled red deer teeth from Riparo Tagliente  

L – left side, R – right side. SU – stratigraphic unit. (-) – non determined yet. 

  

Lab ID Tooth SU Age Stage δ13Ccarb δ18Ocarb δ18OW MAT   MMT 

   Cal BP  (‰, VPDB) (‰, VSMOW) (‰, VSMOW) (°C) (°C) Season 

   Gazzoni et al.1     Europe Feletto Umberto  

RPT-R6 M3 L 5 - 
Older Dryas   

(GI-1c2)2 
-11.8 22.6 -11.0 6.1 0.1 Winter 

RPT-R8 M3 R 6 - 
Older Dryas      

(GI-1c2)2 
-11.3 21.8 -11.8 4.9 -3.1 Winter 

RPT-R10 M3 L 6 - 
Older Dryas      

(GI-1c2)2 
-11.1 23.4 -10.2 7.2 3.2 Winter 

RPT-R11 M3 R 7b - 
Older Dryas      

(GI-1c2)2 
-11.7 23.1 -10.6 6.7 1.9 Winter 

RPT-R13 M2 R 7 - - -11.6 26.4 -7.2 11.4 14.5 Summer 

RPT-R13 M3 R 7 - - -11.7 23.2 -10.5 6.9 2.3 Winter 

RPT-R14 M3 R 7 - - -12.5 23.1 -10.6 6.7 1.8 Winter 

RPT-R15 M3 R 7 - - -11.7 23.0 -10.7 6.6 1.5 Winter 

RPT-R16 M3 R 7 - 
- -11.7 24.8 -8.9 9.1 8.4 Summer 

 -12.9 22.9 -10.7 6.5 1.2 Winter 

RPT-17 M3 R 8 14,572–13,430 
Bølling–Allerød 

(GI-1)3 
-11.1 22.2 -11.4 5.5 -1.5 Winter 

RPT-18 M2 R 8 14,572–13,430 
Bølling–Allerød 

(GI-1)3 
-11.5 21.1 -12.6 3.9 -5.9 Winter 

RPT-18 M3 R 8 14,572–13,430 
Bølling–Allerød 

(GI-1)3 
-12.1 24.7 -8.9 9.1 8.2 Summer 

RPT-19 M2 R 8 14,572–13,430 
Bølling–Allerød 

(GI-1)3 
-12.6 22.8 -10.9 6.3 0.7 Winter 

RPT-20 M2 R 8 14,572–13,430 
Bølling–Allerød 

(GI-1)3 
-12.3 24.9 -8.7 9.4 9.0 Summer 
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Lab ID Tooth SU Age Stage δ13Ccarb δ18Ocarb δ18OW MAT   MMT 

   Cal BP  (‰, VPDB) (‰, VSMOW) (‰, VSMOW) (°C) (°C) Season 

   Gazzoni et al.1     Europe Feletto Umberto  

RPT-20 M3 R 8 14,572–13,430 
Bølling–Allerød 

(GI-1)3 
-11.8 23.3 -10.3 7.1 2.7 Winter 

RPT-21 M2 R 9 14,572–13,430 

Bølling–Allerød 

(GI-1)3 
-12.0 24.4 -9.3 8.5 6.7 Winter 

 -11.9 26.6 -7.0 11.7 15.4 Summer 

RPT-23 M3 R 9 14,572–13,430 
Bølling–Allerød 

(GI-1)3 
-11.7 26.1 -7.5 11.1 13.6 Summer 

RPT-24 M2 R 9 14,572–13,430 
Bølling–Allerød 

(GI-1)3 

-12.1 24.9 -8.8 9.3 8.7 Winter 

-12.1 26.6 -7.0 11.7 15.3 Summer 

RPT-24 M3 R 9 14,572–13,430 
Bølling–Allerød 

(GI-1)3 
-12.3 26.2 -7.5 11.1 13.6 Summer 

RPT-25 M3 L 10a 15,632–14,111 
Oldest Dryas (GS-

2.1a), Bølling–Allerød 

(GI-1)3 
-12.0 24.1 -9.5 8.2 5.8 Summer 

RPT-26 M3 R 10a 15,632–14,111 
Oldest Dryas (GS-

2.1a), Bølling–Allerød 

(GI-1)3 
-12.2 25.2 -8.5 9.7 9.9 Summer 

RPT-36 M3 R 10a 15,632–14,111 
Oldest Dryas (GS-

2.1a), Bølling–Allerød 

(GI-1)3 
-11.5 21.1 -12.5 4.0 -5.7 Winter 

RPT-37 M3 R 10a 15,632–14,111 
Oldest Dryas (GS-

2.1a), Bølling–Allerød 

(GI-1)3 
-11.7 20.4 -13.2 3.0 -8.4 Winter 

RPT-29 M3 R 10b - - -12.8 20.3 -13.4 2.8 -8.9 Winter 

RPT-30 M3 R 10c 16,596–15,117 
Oldest Dryas  

(GS-2.1a)3 

-11.6 24.4 -9.2 8.7 7.0 Summer 

-11.3 21.8 -11.8 4.9 -3.0 Winter 

RPT-32 M3 R 10d - - -12.1 21.0 -12.6 3.8 -6.0 Winter 

RPT-34 M3 L 13 16,634–15,286 
Oldest Dryas  

(GS-2.1a)3 
-10.9 20.9 -12.8 3.6 -6.5 Winter 
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Chapter 5 – DISCUSSION 

 

 

 In the preceding chapter, all results derived from the carbonate measurement for red 

deer enamel were explicitly discussed. As the first significant sub-chapter, the carbonate 

(CaCO3) content preservation in the enamel samples was reported. In this stage, mostly the 

reliability of CaCO3 content and quality of the measured isotopic ratios were monitored, and in 

the end, unsafe data was disqualified from the due isotopic interpretations. Next, we described 

the whole package of stable carbon isotope (δ13Ccarb) data acquired from the carbonate 

measurement in the Mass Spectrometry. Then it was followed by the elucidation of results from 

the δ18Ocarb isotopic values for red deer enamel. In the last sub-chapter, all calculations related 

to the mean monthly air temperature (MMT) and the mean annual air temperature (MAT) for 

the Riparo Tagliente site were explained in detail. All the data resulting in the relevant sub-

sections were also displayed in the tables and charts in the previous chapter. 

 This upcoming section goes through the interpretation of findings, comparison of results 

with related literature, implications as well as the limitations of the obtained results.  

 First, one encounters the paleoecological discussion focusing on the paleodiet of the red 

deer population and paleolandscape reconstructed from the deer enamel hydroxylapatite for the 

period transition Greenland Stadial (GS-2.1a) and Greenland Interstadial (GI-1) in Northeast 

Italy. Thereafter, one gets insight into paleoclimate and paleoseasonal variations in the south-

east pre-Alps during Late Glacial, which were inferred, based on red deer teeth enamel collected 

from the Late Epigravettian series at Riparo Tagliente.   

 

 

5.1  Intra-tooth carbon isotope variation in red deer tooth enamel and environmental 

implications for the Southern Alps during the Late Glacial. 

 

 All of the δ13Ccarb values for the red deer enamel analyzed in this study, with δ13Ccarb 

values between –13.3 ‰ and –10.6 ‰, confirm a lack of dense forest ecosystem in their habitat, 

being consistent with the presence of open canopy woodland in the region during the Late 

Glacial period (e.g. Cerling et al., 1997; Drucker et al., 2011; Drucker et al., 2008; Manzella et 

al., 2024). Data in the similar range of δ13Ccarb were reported in the other studies, and interpreted 

as reflecting a C3 diet for both modern and fossil herbivores (Bocherens et al., 1995; Bocherens 
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& Mariotti, 1992; Quade et al., 1992). For instance, the enamel δ13Ccarb values produced from 

red deer at Riparo Tagliente overlap the ranges reported by Bocherens and Mariotti (1992) for 

Pleistocene large herbivores (from –12.4‰ to –10.1‰) for Europe and Alaska. C3 plant 

communities, likely composed of mostly trees, shrubs and herbs, and moist climate grasses, 

have lower δ13Cdiet values (–26.5 ± 2‰) than in C4 arid climate grassland (–12.5 ± 1‰) (Bender, 

1968; O'Leary, 1988; Smith & Epstein, 1971). Generally, C3 diet-based browsers have δ13Ccarb 

values lower than –8‰ (Cerling & Harris, 1999; Uno et al., 2018). Dense forest cover is usually 

reflected by δ13Ccarb values lower than –13.0 ‰ (e.g. Drucker et al., 2011; Drucker et al., 2008; 

Drucker et al., 2024). Based on C3 plants the δ13C values can reach up to −36 ‰ under closed 

canopy (van der Merwe & Medina, 1989). 

 In addition to the carbonate isotope analysis, the bone collagen isotopic analysis was 

carried out, which also revealed relatively high δ13Ccoll values (between –21.0 ‰ and –19.0 ‰) 

in the same red deer specimens from Riparo Tagliente (Drucker et al., 2024b). This also 

suggests an open woodland cover in the stratigraphic series of Riparo Tagliente during the first 

part of GS-2 and GI-1.  

 Moreover, the mean δ13Ccarb values of all red deer tooth enamel, that is about –11.8 ‰ 

and in δ13Cdiet = –25.4 ‰ (see Drucker et al., 2024), were in the range of diet of animals eating 

pure C3 vegetation, suggesting that the surrounding plants include the temperate or cool 

growing season grasses and most dicots (trees, shrubs, herbaceous plants, etc.) (e.g. Cerling et 

al., 1997). Relatively high collagen δ13C isotope values (between −20.5‰ and −18.4‰) in 

herbivores (red deer, roe deer, ibex, chamois, bovid) have also been detected at Riparo Tagliente 

and are therefore consistent with the consumption of C3 plants (Gazzoni et al., 2013). It should 

be noted that this was the first stable isotope analysis in the site, which was applied for the sole 

burial layer, i.e. level 13. The C3 vegetation that was in the form of browse (dicotyledons) and 

graze (monocotyledons) (Smith & Epstein, 1971) in the region, can also be inferred from the 

results of mesowear analysis of the same red deer teeth from Riparo Tagliente, which mostly 

revealed the browse dominated mixed feeding signals in red deer diet (Saravanan, 2024). 

 Similar results were attested in other different studies on a regional scale. The bone 

collagen isotopic analysis for ibex and red deer species from Dalmeri, late Epigravettian rock 

shelter (NE, Italy), yielded results (between –21.59‰ and −19.42‰) consistent with a C3 

herbivore diet and an open landscape and some patchy forest during Allerød (GI-1a-c3) 

(Manzella et al., 2024).  

 The results of this study could also be supported by other intra-site proxies’ 

interpretations. Pollen analyses carried out on the Epigravettian series of Riparo Tagliente 
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indicate that starting from layer 14, the landscape was dominated by woodland expansion with 

conifers (Pinus sylvestris-mugo) and some deciduous trees (Quercus sp., Tilia sp., Ulmus sp., 

Ostrya carpinifolia, Fraxinus, Corylus), suggesting the periods of the milder conditions in the 

Late Glacial Interstadial (Bartolomei et al., 1982). According to macro-mammal studies, the 

lower layers (17–14) were characterized by species adapted to an open environment, while the 

upper ones (12–5) documented the increase of temperate species (Fontana et al., 2009; Rocci 

Ris, 2006). The micro-mammal assemblage is mostly composed of fossorial species (Microtus 

arvalis and Microtus (Terricola) gr. multiplex-subterraneus) in the layers 14-12, indicating the 

landscape surrounding the site was a periglacial area, mainly open with scarce forest patches. 

Starting from level 11, the habitat reflected a slow increase in woodland with the decrease of 

Microtus arvalis in the assemblage (Berto, 2013; Berto et al., 2018).   

 The variability of δ13Ccarb values of the red deer teeth in the entire stratigraphic series of 

Riparo Tagliente can be explained by both the climatic factors and landscape features. After the 

LGM, the region is characterized by the vegetation composition shift from a steppe-tundra 

dominated by grasses to a temperate dense deciduous forest, affecting the carbon isotopic 

composition of plants and consequently the isotopic signature of herbivores including their 

increasing or decreasing δ13C values (Ravazzi et al., 2007). The relatively higher δ13Ccarb values 

from level 13 of Riparo Tagliente, dated to the first part of the Late Glacial (GS-2.1a), can be 

characterized that the site still was dominated by a wooded grassland (Bartolomei et al., 1982; 

Gazzoni et al., 2013; Heaton, 1999) (Fig. 19). Starting from the level 10 that was dated within 

the first part of the Late Glacial (GS-2.1a) and beginning of the Bølling – Allerød Interstadial 

(GI-1), we can observe the decrease of δ13Ccarb values, probably due to the beginning of the 

forest vegetation expansion and increase in browsing by red deer. Also, in the upper layers 6 

and 5, dated to the brief cold event in the Older Dryas (GI-1c2), were reflected by higher δ13Ccarb 

values in the red deer samples. This variation is also visible in the large mammal assemblages 

in layers 7b – 5, where an increase of open habitat species such as Capra ibex, Alces alces was 

recorded (Berto et al., 2018; Fontana et al., 2009). 

 Detected inter-individual range of δ13Ccarb values in every level of stratigraphy, such as 

2.5‰ for level 10, 1.8‰ for level 8, 2.1‰ for level 7, 1.9‰ for level 6, can reflect the seasonal 

variability in red deer diet and changes in habitat conditions from one year to another (e.g. 

Drucker et al., 2003) (Fig. 20). Relatively low range of δ13Ccarb among the specimens in layers 

13, 9, and 5 might confirm that the inter-year variations were averaged on a long-term basis. 
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Fig. 19. The mean values of carbon isotopic ratios (δ13Ccarb) for red deer enamel from Riparo Tagliente, 

including only third molars 

 

 

Even if the carbon values in layer 10 indicate the expansion of forest vegetation and humidity, 

some red deer herbivores still exhibit higher δ13Ccarb values that would suggest consumption of 

different types of grasses, forbs enriched in δ13C in xeric sites (Cerling & Harris, 1999). 

Herbivores from level 8 also gave comparatively high δ13Ccarb values, probably due to the 

consumption of trees enriched in δ13C or plants in a less humid (xeric) environment with high 

δ13C (e.g. Cerling & Harris, 1999), although the mesowear scores indicate a browsing diet in 

red deer population from level 8 (Saravanan, 2024). Moreover, slightly elevated δ13Ccarb values 

can be observed in the winter phase from some layers [e.g. RPT-R7 (SU 5), RPT-R8 (SU 6), 

RPT-30 (SU 10c), RPT-35 (SU 13)] that can be due to an increasing contribution of grass-like 

plants, bushes, and xerophytes in the red deer diet. Conversely, several herbivores from all 

layers, except level 13, revealed lower δ13Ccarb values in summer (e.g. RPT-18-M3, RPT-23-

M3, RPT-27-M2) suggesting the high consumption of woody plants such as 13C-depleted 

shrubs and deciduous trees (e.g. Drucker et al., 2001; Drucker et al., 2011; Drucker et al., 2024; 

Ferrio et al., 2003). This seasonal change in the diet could explain the mesowear scores of the 

red deer for which no pure browsing signal was detected. In addition, this difference in δ13Ccarb 

values might indicate that, as a group of species living in the sparse forest on the plain and the 

valley bottom, red deer could occupy different ecosystems with different 13C compositional 

plants at diverse altitudes (e.g. Bartolomei et al., 1982; Gazzoni et al., 2013; Ravazzi et al., 

2007).  
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Fig. 20. Range of minimum and maximum δ13Ccarb values for each archaeological layer based on intra-

tooth M2 and M3 isotopic values collectively  

n = number of red deer teeth per stratigraphic unit. 

 

 

5.2  Intra-tooth oxygen isotope variation in red deer tooth enamel and implications for 

paleoclimate in the Southern Alps between GS-2.1a and GI-1. 

 

 The red deer δ18Ocarb values revealed a record of the seasonal variations in more than 

half of the analysed specimens; that is mainly the winter phase in the third molars and summer 

in the second molars (e.g. Drucker et al., 2024; Stevens et al., 2011). Indeed, level 13 that was 

dated to the first part of the colder stage, Oldest Dryas (GS-2.1a) (Gazzoni et al., 2013), 

recorded the lowest δ18Ocarb value in winter with an estimated mean monthly degree of – 6.5 

°C. This low δ18Ocarb value, in parallel with the above mentioned relatively higher δ13Ccarb 

values of red deer from this level, confirms a cooler, arid, and open grassland habitat in the site. 

Based on the data at hand, it is not able to give any description of the summer periods in this 

colder archaeological layer. Apparently, this carbonate isotopic study of the Late Epigravettian 

series at Riparo Tagliente rock-shelter is the first extensive one among the late Pleistocene sites 

in the region of northeast Italy. Thus derived mean monthly temperatures from δ18Ocarb values, 

which would need to be confirmed, cannot be compared with any related carbonate isotopic 

studies (Table 4 and Fig. 21). However, there are regional and intra-site studies with other 

environmental proxies that testified the land and climate improvement during the late 
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Pleistocene and early Holocene period. As it was mentioned before, Gazzoni et. al. (2013) 

confirmed that the cold phase effects were detected from their bone collagen isotope analysis 

(δ13C and δ15N) applied to herbivores from level 13 at the Tagliente shelter. Intra-site micro-

mammals analysis (Berto et al., 2018) also testified that the surroundings were periglacial open 

landscape during layers 13-14 due to dominant cold species (e.g. Microtus arvalis). However, 

in this micro-mammal study, the temperatures (MAT, MTC, MTW) estimated using the 

“Bioclimatic model” described by (Hernández  Fernández, 2001b; 2001a), were relatively 

higher, particularly in the mean temperatures of the warmest months, compared with our 

estimations. For instance, MTC (Mean Temperature of the Coldest month) is 0.6 °C and MAT 

(Mean Annual Temperature) is 8.7 °C for level 13, whereas our calculated mean monthly Tair 

(MMT) for level 13 can be as negative as – 6.5 °C and MAT is 3.6 °C in winter (Table 4 and 

Fig. 21).  

 As we mentioned earlier, the reconstructed air temperatures (MAT and MMT) for short 

crowns of the red deer teeth, encompass no more than one or two (summer and/or winter) 

seasons recorded during the enamel formation of the red deer molars.  

 In our study, layer 10 can be considered as 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 much colder and milder winters (MMT rose from –8.9 °C to –3.0 

°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; Berto et al., 2018; Rocci Ris, 2006). The unit indeed attests to the 

transition between the end of Oldest Dryas (GS-2) and the beginning of Bølling–Allerød (GI-

1) in the Southern Alps. Moreover, micro-mammal studies also well confirmed the beginning 

of GI-1 during level 10 with a slightly increased MTC of 1.7 °C. 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 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 7 (Fig. 18). Again, the gradually decline temperature was recorded in units 6 and 5 (winter 

minimum of –3.1 °C and 0.1 °C, respectively) which might be likely the onset of another colder 

stage such as GS-1, but we are not able to confirm it now since we do not have a precisely dated 

chronology for these stratigraphic units. However, they were already associated with GI-1c2, a 
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colder sub-event of Bølling–Allerød, according to the large mammal studies that recorded the 

increasing of cold species in levels 7b-5 along the Late Epigravettian sequence (Berto et al., 

2018; Fontana et al., 2009; Rocci Ris, 2006). Equivalent reconstructed paleotemperatures were 

inferred on a regional scale too. Chironomid assemblages testified the mean summer (sole July) 

temperature reaching the values of 10.5 – 10.8 °C in Northern Italy prior to the rapid warming 

of Late Glacial Interstadial at ca. 14,700 cal. BP and around 13.8 – 15.3 °C during Bølling-

Allerød warming (Heiri et al., 2007). 

 

 
 

Fig. 21. The mean monthly (relative to Feletto Umberto GNIP station) and mean annual (related to the 

entire continent of Europe) air temperature indexes for the Late Epigravettian series at Riparo Tagliente. 

Average of MMT includes all stratigraphic levels: 5 – 13. 

 

 

 In this study, the second molars recorded slightly elevated δ18Ocarb values, particularly 

in level 9 (RPT-21, RPT-24), and consequently, the estimated MMT temperatures became 

relatively higher than in the third molars (Fig. 18). This δ18Ocarb elevation in second molar 

probably due to the slightly affection by the isotopic composition of breast milk consumed by 

infant deer (e.g. Chinique de Armas et al., 2022; Fuller et al., 2006; Kohn et al., 1998), since 

the second molar in red deer can start erupt prior to weaning (before 3 months) (Brown & 

Chapman, 1991a, 1991b). However, no significant changes in the corresponding δ13Ccarb values 

were detected to support this breastfeeding effect on M2.  
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 Similar patterns of oxygen isotope variation across the second and third molars with 

similar absolute values of δ18Ocarb were detected in some stratigraphic units, which might 

suggest the seasonality within the same year or within five consecutive years with a slight 

change (no more than 1‰) in absolute values of δ18Ocarb (e.g. Stevens et al., 2011). It is worth 

pointing out that this interpretation about five-year period seasonality has been derived based 

on the recent study by (Stevens et al., 2011) who carried out the carbonate oxygen isotope 

analysis on modern red deer teeth from Isle of Rum, Scotland. For instance, RPT-11 and RPT-

13 red deer from level 7 have resembling winter profiles in δ18Ocarb and absolute values that 

might indicate a winter phase of one identical year or any winters within a five-year period 

(Fig. A.1 - 3). A similar case was recorded in RPT-36 and RPT-37 specimens from level 10a, 

where analogous winter profiles and absolute values were exhibited (Fig. A.1 - 6). Both the 

second and third molars of two individuals (RPT-19 and RPT-20) from level 8 represented 

similarity in oxygen pattern as well as in the δ18Ocarb absolute values, which may indicate that 

red deer experienced winter and summer of the same five-year period (Fig. A.1 - 4). 

Furthermore, the similarity of the intra-tooth isotope variation for red deer suggests that the 

δ18O of the drinking water ingested was similar for all individuals discovered in the same 

stratigraphic unit. On the contrary, the difference between intra-tooth isotope variation for deer 

could be due to the individuals inhabited different environments under different conditions (e.g. 

Stevens et al., 2011).   

 Some specimens recorded a more balanced, flat curve with high δ18Ocarb values (RPT-

19, RPT-27, RPT-35) seemingly consistent with the values of the summer stage (Fig. A.1 - 4, 

Fig. A.1 - 6, Fig. A.1 - 7). This can be considered as an ecological signal, reflecting that red 

deer might spent the winter phases in a milder environment away from the rock-shelter area. In 

addition, this balanced δ18Ocarb values of red deer teeth enamel, on the one hand, could be 

induced by the altitudinal effects (e.g. Flaim et al., 2013; Kern et al., 2014), on the other hand, 

red deer might ingested water enriched in heavy 18O isotopes during colder seasons. If to 

consider the geographical context of the archaeological site, then both these assumptions appear 

to be relevant. However, in our results, the intra-tooth carbon values of the corresponding deer 

did not record the expected elevation influences: an altitude-dependence increase in the 13C 

isotopic composition of enamel (e.g. Männel et al., 2007). The presence of freshwater 

ecosystems in the area surrounding the Riparo Tagliente site, including the Progno River 

flowing in front of the shelter, the Garda Lake (ca. 22 km), and the Adige River (ca. 15 km) 

(Gazzoni et al., 2013), more support the hypothesis of drinking water enriched in the heavy 

oxygen. This may suggest, that during the summer/winter period, the ungulates might 
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consumed the river and/or lake water. Moreover, the lake water is relatively enriched in the 

heavy 18O isotope than meteoric water (Gat, 1996), and the larger the body of fresh water from 

which terrestrial mammals drink, the less (or no) seasonal variation will be recorded in δ18O 

values (Koch, 2007). In addition, the aquatic remains (e.g. fish bones, shellfish) were already 

documented in the late Epigravettian series at Riparo Tagliente (Fontana et al., 2009). This 

might suggest the Epigravettian groups indeed could have exploited the local freshwater 

habitats around the rock-shelter (e.g. Gazzoni et al., 2013). However, this still needs to be 

confirmed by further zooarchaeological and stable isotope analyses to reconstruct the possible 

mobility routes. 

 

 

 At the end of the discussion chapter, it should be noted once again that the entire δ13Ccarb 

values for the red deer enamel analyzed in this study are consistent with the presence of open 

canopy woodland in the region during the Late Glacial period (from GS-2.1a to GI-1) and 

testified the lack of dense forest cover in the habitat. Red deer from layer 13 dated to the first 

part of the Oldest Dryas (GS-2.1a), recorded relatively high δ13Ccarb and low δ18Ocarb values 

suggesting the open grassland and colder phase. Layer 10 can be considered as a turning point 

in the sequence when red deer individuals experienced the coldest and temperate warmer 

seasons. Starting from level 9 and further can be observed a relative warming phase, which can 

be correlated to the rapid warming recorded in the Bølling-Allerød Interstadial (GI-1). A slight 

temperature decrease was detected in the latter levels (6, 5), particularly in level 5. These data 

inferred from red deer teeth assemblages have been compared and supported by other studies 

on the regional scale, as well as with the intra-site proxies. The climate reconstruction based on 

the micro-mammals within the site and Chironomids from Northern Italy testified similar 

temperatures to some of our estimated mean monthly and mean annual temperatures for the 

Riparo Tagliente. Ultimately, the forthcoming section will be the final stage of this research 

study.  
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Chapter 6 – CONCLUSIONS AND FUTURE 

PERSPECTIVES 

 

 Multidisciplinary archaeological studies on the ecological and climatic variability of the 

southern pre-Alpine and Alpine regions during the Late Glacial are intensively carried out to 

gain insight into the environmental conditions inhabited by the Late Epigravettian hunter-

gatherer groups. Of great importance is stable isotope analysis that allows exploring the diet, 

habitat, and seasonal climatic changes within the early lives of animals. This analysis has been 

applied to the teeth of red deer (Cervus elaphus), which played an important role in human 

subsistence at that time. The isotopic compositions of red deer teeth samples yield more detailed 

recordings on the fractions of C3 biomass, and ratios of browsing and grazing in diets of red 

deer, seasonality changes in plant consumption of red deer, vegetation cover in habitat, as well 

as an amplitude of the winter and summer seasonal shifts. 

 Hitherto, there have been limited studies that exploit this biogeochemical analysis in the 

paleoecological context of the south-eastern Italian Alps, except for the stable isotope tracking 

of the paleoecology of the herbivore ungulates and the paleodiet of human individuals, which 

reveal the averaged record of diet and environment (Gazzoni et al., 2013; Manzella et al., 2024). 

To our knowledge, our isotopic study on red deer teeth collected through the Late Epigravettian 

sequence of Tagliente rock-shelter is the first extensive work that presents an intra-individual 

isotopic record of diet, habitat, and seasonal climate, for the Late Glacial period of the south-

eastern pre-Alpine region of the Italian peninsula.  

 The analysis of stable isotopic values of red deer teeth enamel testifies to a lack of dense 

canopy forests in their habitat and suggests that the environment exploited by the Late 

Epigravettian hunter-gatherers of Riparo Tagliente was an open woodland forest during the 

colder phase GS-2.1a and the first part of the temperate period GI-1 (Bølling – Allerød). In 

addition, the mean value of stable carbon isotopic ratios of red deer teeth is consistent with the 

consumption of C3 plants in an open environment. Fluctuating seasonal shifts are recorded in 

the oxygen (δ18Ocarb) isotopic values of red deer teeth, which allows us to calculate seasonal 

temperatures based on the mean monthly temperature (MMT) and mean annual temperature 

(MAT) relationships for the habitats exploited by these species. These calculated MMT and 

MAT temperatures indicate warmer seasonal conditions during the first part of the Bølling–

Allerød Interstadial.  
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 The isotopic results confirm that the lower layer 13 (dated at GS-2.1a) was still relatively 

cold, arid, and dominated by wooded grassland due to the higher carbon (δ13Ccarb) isotope 

values. Similar effects can be observed in the upper levels (6 – 5) where the δ13Ccarb values are 

increasing, suggesting a shift in plant consumption by the red deer group. Furthermore, the 

calculated mean monthly temperature testifies a colder winter season in this level 13 (MMT = 

– 6.5 °C). Layer 10 (dated to the end of GS-2.1a and beginning of GI-1e) can be considered as 

a turning point at which decisive climatic transitions occur, recording the coldest and little 

milder winter seasons, as well as warm summers (especially in MMT). The peak of the summer 

maximum is recorded in layers 9 and 7, reaching almost 15 °C in the MMT. Most of the third 

molars exhibit winter patterns and the second molars summer in the intra-tooth oxygen values, 

consistent with the 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). Whereas some of the teeth samples recorded a flat profile with high 

oxygen values, suggesting that during winter or summer, some red deer individuals foraged in 

different ecosystems away from the Tagliente shelter.  

 The data inferred from the isotopic studies on the red deer teeth collection from Riparo 

Tagliente show that the Late Epigravettian hunter-gatherers survived the cold climatic 

conditions existed far before Bølling–Allerød Interstadial warming, and confirm a relative 

stability of the open environments in Valpantena valley, along the southern Alpine fringe. In 

the end, these reconstructed ecological and seasonal climatic conditions will serve as 

complementary information to further paleoenvironmental studies in the region. 

 In summary, it is worth noting that we reconstructed the seasonal temperatures for the 

lower (13) and upper (5, 6) layers based on only a few specimens that gave reliable data for 

isotopic interpretations. In addition, we lack adequate specimens from the lowermost layers that 

date back to the first part of the Late Glacial (GS-2.1a). As a future research suggestion, it will 

be helpful to carry out another biogeochemical analysis in these layers (below layer 10) of the 

Late Epigravettian, to reconstruct the environments and seasonal climate changes as a whole 

set for the Late Epigravettian occupation in the Late Glacial. Last but not the least, the mobility 

patterns of the red deer herbivores should be confirmed by further zooarchaeological or isotopic 

analyses  
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APPENDIX  

 

Table A. 1. Results of the carbonate isotopic analysis (δ13C and δ18O) for Riparo Tagliente red deer (Cervus elaphus) teeth    

Δ – intra-tooth ranges in weight percent carbonate (without excluding samples); SU – stratigraphic unit; R – right side; L – left side; Isotopic values in [brackets] and 

(parentheses) are not considered for further interpretation.   

Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

M3 L 5 
RT81 Q3519 

#9138 
Enamel RPT-R6a 23.5 21.02  3.6 -12.0 -5.6 25.2 0.6 

   Enamel RPT-R6b  18.3  3.4 -11.9 -5.6 25.1  

   Enamel RPT-R6c  15.0  3.4 -12.1 -6.7 24.0  

   Enamel RPT-R6d  12.5  3.3 -11.9 -6.7 24.0  

   Enamel RPT-R6e  8.9  3.1 -11.8 -7.6 23.1  

   Enamel RPT-R6f  6.3  3.5 -11.8 -8.0 22.6  

   Enamel RPT-R6g  4.1  3.0 -12.0 -7.8 22.9  

   Dentine RPT-R6den  -  4.6 -12.3 -6.6 24.1  

M3 L 5 
RT q20/4 

#6574 
Enamel RPT-R7a 17.6  14.8 3.9 -12.6 -4.4 26.4 1.2 

   Enamel RPT-R7b   11.6 2.7 -12.5 -4.2 26.6  

   Enamel RPT-R7c   8.9 3.4 -11.8 -5.4 25.4  

   Enamel RPT-R7d   6.1 3.2 -11.6 -5.3 25.4  

   Enamel RPT-R7e   3.9 2.8 -12.1 -5.4 25.3  

   Dentine RPT-R7den   - 4.9 -11.6 -6.3 24.4  

M3 R 6 
RT q631 

#6757 
Enamel RPT-R8a 21.1 19.9  2.8 -11.4 -6.2 24.5 1.2 
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Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

   Enamel RPT-R8b  17.4  2.5 -11.6 -6.9 23.9  

   Enamel RPT-R8c  15.2  2.7 -11.5 -7.2 23.5  

   Enamel RPT-R8d  13.0  2.8 -11.4 -7.9 22.8  

   Enamel RPT-R8e  10.3  2.9 -11.4 -8.6 22.0  

   Enamel RPT-R8f  8.2  3.0 -11.3 -8.8 21.8  

   Enamel RPT-R8g  5.5  2.7 -10.7 -8.7 22.0  

   Enamel RPT-R8h  3.1  3.7 -10.6 -8.0 22.7  

   Dentine RPT-R8den  -  4.5 -12.4 -5.8 25.0  

M3 L 6 
RT81 q5015 

#9488 
Enamel RPT-R9a 18.0  15.1 [2.9] (-12.4) (-6.1) (24.6) 1.1 

   Enamel RPT-R9b   13.3 [2.8] (-12.2) (-6.8) (23.9)  

   Enamel RPT-R9c   11.5 3.6 -12.4 -6.2 24.5  

   Enamel RPT-R9d   9.8 3.6 -12.4 -7.0 23.7  

   Enamel RPT-R9e   7.5 3.4 -12.2 -7.2 23.5  

   Enamel RPT-R9f   5.3 3.9 -12.2 -7.2 23.5  

   Enamel RPT-R9g   3.3 3.7 -12.1 -7.4 23.3  

   Dentine RPT-R9den   - 4.7 -11.0 -5.9 24.8  

M3 L 6 
RT81 q5016 

#9475 
Enamel RPT-R10a 16.6 14.6  [2.8] (-11.4) (-5.6) (25.1) 1.3 

   Enamel RPT-R10b  11.9  3.7 -11.2 -5.5 25.3  

   Enamel RPT-R10c  10.1  3.9 -11.1 -5.9 24.8  

   Enamel RPT-R10d  7.5  3.5 -11.1 -7.2 23.4  

   Enamel RPT-R10e  5.8  4.0 -11.2 -6.5 24.2  

   Enamel RPT-R10f  3.4  4.1 -11.2 -6.2 24.6  

   Dentine RPT-R10den  -  5.0 -9.7 -6.1 24.7  
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Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

M3 R 7b RT q23 #7001 Enamel RPT-R11a 23.2 20.8  3.4 -11.3 -4.7 26.1 0.6 

   Enamel RPT-R11b  18.6  3.8 -11.3 -4.9 25.9  

   Enamel RPT-R11c  16.5  3.5 -11.7 -5.6 25.1  

   Enamel RPT-R11d  15.3  [3.2] (-11.9) (-8.1) (22.5)  

   Enamel RPT-R11e  12.3  3.2 -11.8 -6.2 24.5  

   Enamel RPT-R11f  10.3  3.4 -11.8 -7.3 23.4  

   Enamel RPT-R11g  8.0  3.5 -11.7 -7.6 23.1  

   Enamel RPT-R11h  5.8  3.5 -11.7 -7.5 23.2  

   Enamel RPT-R11i  3.1  3.6 -11.7 -7.0 23.7  

   Dentine RPT-R11den  -  5.5 -11.1 -6.4 24.3  

M3 R 7 RT q9 #6920 Enamel RPT-R12a 24.0 20.6  3.3 -12.4 -7.1 23.6 1.1 

   Enamel RPT-R12b  19.1  [2.9] (-11.7) (-7.4) (23.3)  

   Enamel RPT-R12c  17.8  3.3 -12.1 -6.8 23.9  

   Enamel RPT-R12d  15.8  3.3 -12.0 -7.7 23.0  

   Enamel RPT-R12e  13.1  3.6 -11.3 -7.3 23.4  

   Enamel RPT-R12f  11.1  [2.9] (-10.8) (-7.5) (23.2)  

   Enamel RPT-R12g  8.3  3.4 -11.1 -7.6 23.0  

   Enamel RPT-R12h  6.2  3.2 -11.3 -7.5 23.2  

   Enamel RPT-R12i  4.1  [2.5] (-11.7) (-7.7) (23.0)  

   Enamel RPT-R12j  2.6  3.6 -11.8 -6.6 24.1  

   Dentine RPT-R12den  -  5.5 -12.3 -5.5 25.2  

M2 R 7 RT81 q21/8 Enamel RPT-R13a 15.5 12.5  3.3 -11.2 -7.2 23.5 1.0 

   Enamel RPT-R13ab  11.3  3.5 -11.3 -6.2 24.5  

   Enamel RPT-R13b  9.1  3.6 -10.9 -4.9 25.9  
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Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

   Enamel RPT-R13bb  7.7  3.7 -11.4 -4.6 26.2  

   Enamel RPT-R13c  6.3  3.5 -11.1 -4.4 26.3  

   Enamel RPT-R13cb  4.8  4.2 -11.6 -4.4 26.4  

   Enamel RPT-R13d  3.2  3.2 -11.3 -4.7 26.0  

   Enamel RPT-R13db  1.7  3.4 -11.2 -5.1 25.6  

   Dentine RPT-R13den1  -  4.9 -10.7 -7.1 23.6  

M3 R 7 RT81 q21/8 Enamel RPT-R13e 19.1 16.5  3.4 -11.7 -5.5 25.3 0.5 

   Enamel RPT-R13f  15.2  3.3 -11.3 -6.0 24.7  

   Enamel RPT-R13g  12.8  3.4 -11.6 -6.6 24.1  

   Enamel RPT-R13h  10.9  3.4 -11.7 -6.8 23.8  

   Enamel RPT-R13i  8.6  3.2 -11.8 -7.1 23.6  

   Enamel RPT-R13j  6.8  3.4 -11.7 -7.5 23.2  

   Enamel RPT-R13k  4.9  3.3 -11.9 -7.2 23.5  

   Enamel RPT-R13l  2.4  2.9 -12.0 -6.5 24.2  

   Dentine RPT-R13den2  -  4.5 -11.3 -6.9 23.8  

M3 R 7 RT q6 #6839 Enamel RPT-R14a 18.6 16.4  3.7 -12.5 -5.8 24.9 1.3 

   Enamel RPT-R14b  14.6  3.5 -12.5 -5.8 24.9  

   Enamel RPT-R14c  12.7  3.3 -12.4 -6.0 24.7  

   Enamel RPT-R14d  10.7  2.5 -12.6 -7.0 23.7  

   Enamel RPT-R14e  7.8  3.3 -12.7 -7.1 23.6  

   Enamel RPT-R14f  6.0  2.5 -12.5 -7.6 23.1  

   Enamel RPT-R14g  3.5  3.5 -12.2 -7.1 23.6  

   Dentine RPT-R14den  -  4.4 -11.9 -6.8 23.9  
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Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

M3 R 7 
RT81 q35/7 

#7002 
Enamel RPT-R15a 19.3 17.3  3.0 -11.6 -6.0 24.7 1.6 

   Enamel RPT-R15b  15.5  [2.9] (-11.6) (-6.2) (24.5)  

   Enamel RPT-R15c  13.1  3.2 -11.8 -6.9 23.7  

   Enamel RPT-R15d  11.0  3.9 -11.8 -7.2 23.5  

   Enamel RPT-R15e  9.5  [2.9] (-11.7) (-8.1) (22.6)  

   Enamel RPT-R15f  7.9  3.6 -11.7 -7.7 23.0  

   Enamel RPT-R15g  4.8  3.8 -11.6 -7.5 23.2  

   Enamel RPT-R15h  3.1  [4.5] (-11.7) (-7.6) (23.1)  

   Dentine RPT-R15den  -  3.9 -11.6 -7.3 23.3  

M2 R 7 RT q6 #6850 Enamel RPT-R16a 12.7  11.1 4.0 -12.7 -7.7 22.9 0.7 

   Enamel RPT-R16b   9.8 [3.3] (-12.6) (-7.9) (22.8)  

   Enamel RPT-R16c   7.2 4.0 -12.4 -6.6 24.1  

   Enamel RPT-R16d   5.8 4.0 -12.1 -6.1 24.7  

   Enamel RPT-R16e   3.2 3.7 -12.3 -5.4 25.3  

   Dentine RPT-R16den1   - 1.8 -11.2 -7.5 23.2  

M3 R 7 RT q6 #6850 Enamel RPT-R16f 13.0  13.0 3.5 -12.2 -6.5 24.2 1.0 

   Enamel RPT-R16g   10.4 3.6 -11.7 -5.9 24.8  

   Enamel RPT-R16h   8.1 2.9 -12.1 -6.7 24.0  

   Enamel RPT-R16i   6.1 2.8 -12.3 -7.1 23.6  

   Enamel RPT-R16j   4.3 2.5 -12.9 -7.7 22.9  

   Enamel RPT-R16k   2.6 2.8 -11.9 -7.3 23.4  

   Dentine RPT-R16den2   - 1.5 -11.2 -8.3 22.4  

M3 R 8 
RT62 Q20/7 

#7636 
Enamel RPT-17a 20.7 18.5  3.5 -11.6 -5.5 25.2 0.7 
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Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

   Enamel RPT-17b  16.3  3.5 -11.2 -5.9 24.8  

   Enamel RPT-17c  14.3  3.0 -11.3 -6.7 24.0  

   Enamel RPT-17d  12.2  3.0 -11.0 -7.1 23.6  

   Enamel RPT-17e  9.8  3.3 -11.0 -6.8 23.9  

   Enamel RPT-17f  7.7  3.1 -11.1 -8.1 22.5  

   Enamel RPT-17g  4.5  2.9 -11.1 -8.4 22.2  

   Enamel RPT-17h  1.4  2.9 -10.8 -8.2 22.5  

   Dentine RPT-17den  -  5.2 -9.7 -6.1 24.6  

M2 R 8 RT8 q6 #7628 Enamel RPT-18a 17.3  15.6 [2.3] (-11.4) (-9.8) (20.8) 1.8 

   Enamel  RPT-18b   14.4 3.5 -11.5 -9.3 21.3  

   Enamel RPT-18c   13.2 3.8 -11.6 -9.5 21.1  

   Enamel RPT-18d   12.0 3.8 -11.5 -9.5 21.1  

   Enamel RPT-18e   10.8 [3.9] (-11.4) (-8.3) (22.4)  

   Enamel RPT-18f   8.9 [3.5] (-11.0) (-8.4) (22.2)  

   Enamel RPT-18g   7.5 4.1 -11.6 -8.7 21.9  

   Enamel RPT-18h   4.5 3.9 -11.5 -7.4 23.2  

   Enamel RPT-18i   2.0 3.9 -11.6 -6.1 24.6  

M3 R 8 RT8 q6 #7628 Enamel RPT-18j 21.1 19.2  3.3 -12.6 -6.2 24.5 0.6 

   Enamel RPT-18k  17.2  3.3 -12.4 -6.5 24.3  

   Enamel RPT-18l  15.3  3.6 -12.1 -5.9 24.7  

   Enamel RPT-18m  12.9  3.5 -12.3 -6.5 24.2  

   Enamel RPT-18n  10.1  3.6 -11.8 -6.2 24.5  

   Enamel RPT-18o  7.3  3.4 -11.9 -7.1 23.5  

   Enamel RPT-18p  5.2  [3.0] (-11.5) (-7.4) (23.3)  
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Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

   Enamel RPT-18q  2.7  3.3 -11.5 -7.6 23.1  

   Dentine RPT-18den  -  4.4 -12.1 -6.5 24.2  

M2 R 8 
RT Q3613 

#7643 
Enamel RPT-19a 16.6 13.8  3.5 -12.5 -7.5 23.2 0.4 

   Enamel RPT-19b  10.9  3.8 -12.2 -7.6 23.0  

   Enamel RPT-19c  8.7  3.9 -12.6 -7.9 22.8  

   Enamel RPT-19d  6.5  3.5 -12.6 -7.2 23.5  

   Enamel RPT-19e  4.1  3.6 -12.5 -5.9 24.8  

   Enamel RPT-19f  1.7  3.8 -12.1 -5.9 24.9  

M3 R 8 
RT Q3613 

#7643 
Enamel RPT-19g 18.6 16.5  3.6 -12.4 -5.9 24.8 0.7 

   Enamel RPT-19h  13.8  3.4 -12.1 -6.2 24.5  

   Enamel RPT-19i  11.9  3.5 -12.0 -6.5 24.2  

   Enamel RPT-19j  9.2  3.7 -11.8 -6.6 24.2  

   Enamel RPT-19k  6.7  [4.1] (-11.9) (-6.6) (24.1)  

   Enamel RPT-19l  3.9  3.6 -11.5 -6.7 24.0  

   Dentine RPT-19den  -  3.9 -11.0 -6.8 23.9  

M2 R 8 RT Q6 #7556 Enamel RPT-20a 14.0 12.5  3.6 -11.7 -7.2 23.5 0.8 

   Enamel RPT-20b  10.3  3.8 -11.9 -6.8 23.9  

   Enamel RPT-20c  7.2  3.3 -12.0 -6.0 24.7  

   Enamel RPT-20d  5.1  4.1 -12.3 -5.8 24.9  

   Enamel RPT-20e  2.3  4.1 -12.1 -6.1 24.6  

M3 R 8 RT Q6 #7556 Enamel RPT-20f 15.8 13.4  3.4 -12.3 -6.1 24.6 0.7 

   Enamel RPT-20g  11.8  3.4 -12.1 -6.8 23.9  

   Enamel RPT-20h  9.4  3.7 -12.1 -6.5 24.2  
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Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

   Enamel RPT-20i  7.2  3.4 -12.0 -6.9 23.8  

   Enamel RPT-20j  5.7  [4.1] (-12.2) (-6.6) (24.1)  

   Enamel RPT-20k  3.9  3.8 -11.8 -7.4 23.3  

   Enamel RPT-20l  1.8  3.7 -11.9 -6.9 23.8  

   Dentine RPT-20den  -  4.2 -12.1 -7.0 23.7  

M2 R 9 
RT Q80/9 

#9727 
Enamel RPT-21a 14.1 12.0  3.9 -11.9 -6.3 24.4 0.1 

   Enamel RPT-21b  9.9  3.8 -12.0 -6.4 24.4  

   Enamel RPT-21c  7.4  3.9 -12.1 -5.5 25.2  

   Enamel RPT-21d  5.5  3.9 -11.9 -4.2 26.6  

   Enamel RPT-21e  3.5  3.8 -11.8 -5.0 25.8  

M3 R 9 
RT Q80/9 

#9727 
Enamel RPT-21f 13.0 11.1  3.6 -11.8 -5.8 24.9 0.6 

   Enamel RPT-21g  9.7  3.4 -11.9 -6.6 24.1  

   Enamel RPT-21h  7.6  3.5 -11.7 -6.9 23.8  

   Enamel RPT-21i  4.8  3.6 -11.8 -7.5 23.2  

   Enamel RPT-21j  2.6  3.5 -12.0 -8.4 22.2  

   Enamel RPT-21k  1.1  [4.0] (-11.4) (-7.6) (23.1)  

   Dentine RPT-21den  -  2.8 -11.2 -7.9 22.8  

M2 R 9 
RT Q23 

#8512 
Enamel RPT-22a 13.7 11.1  4.3 -12.5 -8.4 22.3 0.7 

   Enamel RPT-22b  9.4  4.2 -12.2 -7.1 23.6  

   Enamel RPT-22c  7.3  [3.6] (-11.9) (-6.9) (23.7)  

   Enamel RPT-22d  4.5  3.9 -11.9 -5.5 25.2  

   Enamel RPT-22e  2.5  3.9 -11.5 -5.1 25.7  
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Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

M3 R 9 
RT Q23 

#8512 
Enamel RPT-22f 14.7 12.3  [4.1] (-11.9) (-5.1) (25.7) 1.2 

   Enamel RPT-22g  10.6  3.7 -11.4 -6.0 24.7  

   Enamel RPT-22h  9.0  3.8 -11.4 -6.1 24.6  

   Enamel RPT-22i  7.3  3.7 -11.1 -6.3 24.4  

   Enamel RPT-22j  4.1  [2.9] (-11.2) (-6.9) (23.8)  

   Enamel RPT-22k  2.3  3.9 -11.1 -7.4 23.2  

M3 R 9 
RT Q64/5-8 

#8536 
Enamel RPT-23a 21.5 19.4  3.8 -12.2 -5.3 25.4 0.5 

   Enamel RPT-23b  17.6  4.0 -12.0 -4.9 25.8  

   Enamel RPT-23c  15.8  3.4 -12.0 -5.5 25.3  

   Enamel RPT-23d  13.9  3.9 -11.7 -4.6 26.1  

   Enamel RPT-23e  12.1  3.7 -11.8 -5.3 25.5  

   Enamel RPT-23f  9.9  3.5 -11.6 -5.8 24.9  

   Enamel RPT-23g  7.8  3.9 -11.4 -5.8 25.0  

   Enamel RPT-23h  5.8  3.4 -11.4 -7.7 23.0  

   Enamel RPT-23i  3.9  3.7 -11.1 -7.6 23.0  

   Dentine RPT-23den  -  6.4 -11.1 -7.0 23.7  

M2 R 9 RT Q6 #9536 Enamel RPT-24a 19.0 17.1  [3.0] (-11.8) (-6.6) (24.1) 0.9 

   Enamel RPT-24b  14.9  [3.3] (-12.0) (-6.2) (24.6)  

   Enamel RPT-24c  12.5  [3.1] (-12.1) (-5.7) (25.0)  

   Enamel RPT-24d  10.4  3.6 -12.0 -5.8 24.9  

   Enamel RPT-24e  8.7  3.8 -12.1 -5.9 24.9  

   Enamel RPT-24f  6.9  3.8 -12.0 -5.6 25.2  

   Enamel RPT-24g  5.3  3.6 -12.2 -4.8 26.0  
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Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

   Enamel RPT-24h  3.7  3.9 -12.1 -4.2 26.6  

   Enamel RPT-24i  1.4  3.7 -11.8 -5.6 25.1  

M3 R 9 RT Q6 #9536 Enamel RPT-24j 18.9 16.9  3.4 -12.3 -5.0 25.7 0.7 

   Enamel RPT-24k  14.8  4.1 -12.3 -4.6 26.2  

   Enamel RPT-24l  12.3  3.8 -12.1 -5.1 25.6  

   Enamel RPT-24m  9.6  3.7 -12.1 -5.9 24.9  

   Enamel RPT-24n  6.9  3.9 -12.2 -5.6 25.1  

   Enamel RPT-24o  5.1  3.8 -12.3 -6.3 24.4  

   Enamel RPT-24p  3.0  3.9 -12.3 -7.2 23.5  

   Enamel RPT-24q  1.3  3.9 -12.4 -7.4 23.2  

   Dentine RPT-24den  -  4.4 -10.5 -7.5 23.2  

M3 L 10a 
RT Q19/4 

#1181 
Enamel RPT-25a 16.7 14.6  [3.8] (-11.8) (-6.3) (24.4) 0.6 

   Enamel RPT-25b  12.3  3.6 -11.7 -6.7 24.1  

   Enamel RPT-25c  9.3  3.4 -12.0 -6.6 24.1  

   Enamel RPT-25d  7.1  3.5 -12.1 -7.0 23.7  

   Enamel RPT-25e  5.0  3.6 -12.1 -7.4 23.2  

   Enamel RPT-25f  3.2  3.5 -11.9 -8.3 22.3  

   Enamel RPT-25g  1.3  [4.0] (-12.0) (-9.4) (21.2)  

   Dentine RPT-25den  -  4.0 -11.2 -9.2 21.4  

M3 R 10a 
RT Q35/6 

#1176 
Enamel RPT-26a 17.5 14.6  4.3 -12.4 -5.7 25.1 0.7 

   Enamel RPT-26b  11.8  4.2 -12.2 -5.5 25.2  

   Enamel RPT-26c  9.8  3.6 -12.1 -6.0 24.8  

   Enamel RPT-26d  7.4  3.9 -12.0 -7.2 23.5  
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Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

   Enamel RPT-26e  5.2  3.9 -12.0 -7.7 230  

   Enamel RPT-26f  2.9  4.1 -11.9 -8.7 22.0  

   Dentine RPT-26den  -  [23.5] (-21.4) (-5.9) (24.8)  

M2 R 10a RT Q22 Enamel RPT-27a 15.5 11.2  3.7 -12.1 -8.1 22.6 1.0 

   Enamel RPT-27b  9.9  3.8 -12.0 -7.1 23.6  

   Enamel RPT-27c  7.8  3.7 -12.2 -6.9 23.8  

   Enamel RPT-27d  5.9  [2.9] (-12.3) (-6.1) (24.6)  

   Enamel RPT-27e  4.7  3.9 -12.5 -6.1 24.6  

   Enamel RPT-27f  2.5  3.8 -12.6 -6.0 24.8  

M3 R 10a RT Q22 Enamel RPT-27g 17.9 15.8  4.0 -11.6 -6.7 24.0 0.5 

   Enamel RPT-27h  13.3  3.4 -11.4 -7.0 23.7  

   Enamel RPT-27i  11.4  3.9 -11.5 -6.8 23.9  

   Enamel RPT-27j  9.9  3.7 -11.6 -7.0 23.7  

   Enamel RPT-27k  7.3  3.5 -11.6 -6.9 23.8  

   Enamel RPT-27l  5.1  3.9 -11.0 -6.7 24.0  

   Enamel RPT-27m  3.2  3.4 -11.1 -6.3 24.4  

   Dentine RPT-27den  -  4.3 -11.4 -5.7 25.1  

M3 R 10b 
RT Q38/6 

#1198 
Enamel RPT-28a 17.5 15.0  3.7 -11.2 -5.2 25.5 0.8 

   Enamel RPT-28b  13.1  3.0 -11.0 -6.2 24.5  

   Enamel RPT-28c  10.3  3.3 -11.1 -6.4 24.3  

   Enamel RPT-28d  8.3  3.1 -11.2 -6.5 24.2  

   Enamel RPT-28e  6.3  3.6 -11.3 -6.7 24.0  

   Enamel RPT-28f  4.6  3.8 -11.3 -7.0 23.7  
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Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

   Enamel RPT-28g  3.2  3.8 -11.1 -6.1 24.6  

   Dentine RPT-28den  -  4.3 -11.5 -6.7 24.0  

M3 R 10b 
RT Q80/7 

#1237 
Enamel RPT-29a 22.3 19.8  3.6 -13.1 -8.1 22.6 0.4 

   Enamel RPT-29b  18.4  3.9 -13.2 -8.4 22.2  

   Enamel RPT-29c  17.5  4.0 -13.3 -9.2 21.4  

   Enamel RPT-29d  16.2  4.0 -13.1 -9.2 21.4  

   Enamel RPT-29e  14.6  3.8 -13.0 -9.8 20.8  

   Enamel RPT-29f  12.8  3.6 -12.8 -10.1 20.5  

   Enamel RPT-29g  11.3  3.7 -12.8 -9.9 20.7  

   Enamel RPT-29h  10.0  3.8 -12.8 -10.3 20.3  

   Enamel RPT-29i  8.6  3.8 -12.5 -9.6 21.0  

   Enamel RPT-29j  7.1  3.9 -12.3 -9.7 20.9  

   Enamel RPT-29k  5.6  3.7 -12.3 -9.8 20.8  

M3 R 10c 
RT Q37/6 

#1166bis 
Enamel RPT-30a 23.2 21.1  3.5 -11.7 -6.5 24.2 1.0 

   Enamel RPT-30b  18.5  3.5 -11.6 -6.3 24.4  

   Enamel RPT-30c  15.6  3.6 -11.9 -7.0 23.7  

   Enamel RPT-30d  13.5  3.3 -11.6 -7.6 23.1  

   Enamel RPT-30e  11.1  3.4 -11.6 -8.1 22.6  

   Enamel RPT-30f  8.6  3.8 -11.3 -8.8 21.8  

   Enamel RPT-30g  5.4  3.6 -11.1 -8.4 22.2  

   Enamel RPT-30h  3.3  4.3 -11.3 -8.1 22.5  

   Dentine RPT-30den  -  5.2 -10.7 -8.0 22.6  

M3 R 10d 
RT Q50 

#1229 
Enamel RPT-31a 22.8 20.5  4.1 -11.7 -6.8 23.9 0.9 
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Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

   Enamel RPT-31b  17.6  3.8 -11.4 -8.0 22.7  

   Enamel RPT-31c  15.2  4.3 -11.6 -6.8 23.9  

   Enamel RPT-31d  12.9  3.8 -11.5 -7.9 22.8  

   Enamel RPT-31e  10.5  4.1 -11.3 -7.6 23.1  

   Enamel RPT-31f  8.3  [4.6] (-11.4) (-7.7) (23.0)  

   Enamel RPT-31g  5.2  [3.6] (-10.8) (-8.5) (22.2)  

   Enamel RPT-31h  3.3  4.3 -11.0 -8.2 22.5  

   Dentine RPT-31den  -  6.1 -11.3 -6.9 23.8  

M3 R 10d 
RT Q79/9 

#1239 
Enamel RPT-32a 19.1 16.8  3.8 -11.8 -7.5 23.1 0.8 

   Enamel RPT-32b  15.8  3.8 -12.0 -7.8 22.9  

   Enamel RPT-32c  13.8  4.2 -11.9 -8.5 22.2  

   Enamel RPT-32d  12.0  3.9 -12.2 -9.3 21.3  

   Enamel RPT-32e  10.1  3.7 -12.1 -9.6 21.0  

   Enamel RPT-32f  7.6  3.8 -12.1 -9.5 21.1  

   Enamel RPT-32g  5.5  4.0 -12.0 -9.1 21.5  

   Enamel RPT-32h  3.5  4.5 -12.2 -9.2 21.5  

   Dentine RPT-32den  -  4.5 -12.2 -8.0 22.6  

M3 L 13 
RT Q15 

#4727 
Enamel RPT-33a 23.7 21.0  4.2 -11.7 -6.6 24.1 0.5 

   Enamel RPT-33b  19.6  3.8 -11.5 -7.2 23.4  

   Enamel RPT-33c  16.4  3.8 -11.5 -7.8 22.8  

   Enamel RPT-33d  13.6  4.0 -11.4 -7.5 23.2  

   Enamel RPT-33e  11.5  3.8 -11.8 -8.5 22.2  

   Enamel RPT-33f  9.1  3.8 -11.5 -8.4 22.3  
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Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

   Enamel RPT-33g  6.6  3.8 -11.2 -9.0 21.6  

   Enamel RPT-33h  3.3  3.6 -11.0 -9.1 21.5  

   Dentine RPT-33den  -  4.0 -11.4 -6.3 24.4  

M3 L 13 
RT Q511-7 

#4118 
Enamel RPT-34a 21.1 17.5  4.1 -11.5 -7.9 22.8 0.8 

   Enamel RPT-34b  14.9  4.0 -11.6 -8.2 22.4  

   Enamel RPT-34c  12.5  3.7 -11.3 -8.4 22.2  

   Enamel RPT-34d  10.1  3.8 -11.0 -8.0 22.6  

   Enamel RPT-34e  8.0  3.3 -10.9 -8.7 21.9  

   Enamel RPT-34f  5.2  3.5 -10.9 -9.7 20.9  

   Enamel RPT-34g  2.7  3.3 -11.0 -9.5 21.1  

   Dentine RPT-34den  -  6.3 -12.0 -6.3 24.4  

M3 L 13 
RT Q15 

#4695 
Enamel RPT-35a 18.2 16.5  3.2 -12.0 -7.3 23.4 0.6 

   Enamel RPT-35b  14.8  3.6 -12.1 -7.4 23.2  

   Enamel RPT-35c  12.4  3.7 -12.1 -7.8 22.9  

   Enamel RPT-35d  11.1  3.5 -12.2 -7.7 22.9  

   Enamel RPT-35e  9.9  3.3 -11.8 -7.3 23.4  

   Enamel RPT-35f  8.7  3.5 -11.8 -7.6 23.1  

   Enamel RPT-35g  4.5  3.3 -11.1 -7.5 23.2  

   Enamel RPT-35h  2.3  3.8 -11.6 -7.2 23.5  

   Dentine RPT-35den  -  5.3 (-9.5) -7.3 23.4  

M3 R 10a 
RT Q22 

#3055 
Enamel RPT-36a 21.2 15.8  4.2 -11.7 -7.1 23.6 0.6 

   Enamel RPT-36b  12.7  4.4 -11.6 -8.5 22.1  

   Enamel RPT-36c  10.6  4.5 -11.5 -9.2 21.4  
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Tooth SU 
Excavation 

ID 
Tissue Lab ID 

Crown 

height 

(mm) 

Distance 

from ERJ 

(mm) 

Distance from 

the lowest 

crown part 

(mm) 

CaCO3 

(%) 

δ13Ccarb       

(‰ VPDB) 

δ18Ocarb             

(‰ VPDB) 

δ18Ocarb              

(‰ VSMOW) 

Δ 

CaCO3 

(%) 

   Enamel RPT-36d  8.4  4.4 -11.5 -9.5 21.1  

   Enamel RPT-36e  6.1  4.8 -11.5 -9.5 21.1  

   Enamel RPT-36f  3.8  4.9 -11.6 -9.0 21.6  

   Dentine RPT-36den  -  - - - -  

M3 R 10a 
RT Q54 

#1302 
Enamel RPT-37a 27.6 22.8  4.0 -11.4 -6.9 23.8 0.4 

   Enamel RPT-37b  20.3  4.0 -11.5 -7.6 23.1  

   Enamel RPT-37c  18.4  4.1 -11.5 -8.2 22.5  

   Enamel RPT-37d  15.9  4.1 -11.5 -8.8 21.8  

   Enamel RPT-37e  13.2  4.2 -11.5 -9.4 21.2  

   Enamel RPT-37f  11.1  4.0 -11.3 -9.8 20.8  

   Enamel RPT-37g  8.2  4.3 -11.7 -10.2 20.4  

   Enamel RPT-37h  5.7  4.4 -11.8 -9.7 20.9  

   Enamel RPT-37i  2.6  4.3 -12.0 -8.5 22.2  

   Dentine RPT-37den  -  - - - -  

M3 R 10a 
RT Q9519 

#1191 
Enamel RPT-38a 18.9 15.1  4.1 -12.6 -6.9 23.8 0.3 

   Enamel RPT-38b  12.9  4.1 -12.4 -7.7 23.0  

   Enamel RPT-38c  10.7  4.4 -12.2 -8.4 22.2  

   Enamel RPT-38d  8.3  4.3 -12.0 -8.9 21.7  

   Enamel RPT-38e  6.2  4.4 -11.9 -9.5 21.1  

   Enamel RPT-38f  3.3  4.3 -11.6 -10.1 20.5  

   Dentine RPT-38den  -  - - - -  
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Figure A. 1. Incremental plots of red deer teeth 

 

Fig. A.1 - 1 

        Layer – 5 

Red deer (Cervus elaphus) teeth – Riparo Tagliente (Late Epigravettian). 
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Fig. A.1 - 2 
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Fig. A.1 - 3                   Layer – 7 

   Lower M3 R  (7b)                             Lower M3 R                     

               
         Lower M2 R and M3 R 

               



98 
 

Fig. A.1 – 3                         Layer – 7 

        Lower M3 R 
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Fig. A.1 - 4                         Layer – 8 
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Fig. A.1 – 4                          Layer – 8 
        Lower M2 R and M3 R 
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Fig. A.1 - 5                     Layer – 9 
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        Lower M2 R and M3 R 

                   



102 
 

Fig. A.1 – 5                        Layer – 9 

     Lower M3 R 
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Fig. A.1 - 6                       Layer – 10a 
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Fig. A.1 – 6                        Layer – 10a 
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Fig. A.1 – 6                        Layer – 10b, 10c 
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Fig. A.1 – 6                            Layer – 10d 
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Fig. A.1 - 7                            Layer – 13 
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