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Abstract
High-resolution stratigraphic frameworks are crucial for unraveling the biocultural processes behind the dispersals of Homo 
sapiens across Europe. Detailed technological studies of lithic assemblages retrieved from multi-stratified sequences allow 
archaeologists to precisely model the chrono-cultural dynamics of the early Upper Paleolithic. However, it is of paramount 
importance to verify the integrity of these assemblages before building explanatory models of cultural change. In this study, 
multiple lines of evidence suggest that the stratigraphic sequence of Fumane Cave in northeastern Italy experienced minor 
post-depositional reworking, establishing it as a pivotal site for exploring the earliest stages of the Aurignacian. By conducting 
a systematic search for break connections between blade fragments and applying spatial analysis techniques, we identified 
three well-preserved areas of the excavation containing assemblages suitable for renewed archaeological investigations. Sub-
sequent technological analyses, incorporating attribute analysis, reduction intensity, and multivariate statistics, have allowed 
us to discern the spatial organization of the site during the formation of the Protoaurignacian palimpsest A2–A1. Moreover, 
diachronic comparisons between three successive stratigraphic units prompted us to reject the hypothesis of techno-cultural 
continuity of the Protoaurignacian in northeastern Italy after the onset of the Heinrich Event 4. Based on the variability of 
the lithic and osseous artifacts, the most recent assemblage analyzed, D3b alpha, is now ascribed to the Early Aurignacian, 
aligning the evidence from Fumane with the current understanding of the development of the Aurignacian across Europe. 
Overall, this study demonstrates the high effectiveness of the break connection method when combined with detailed spatial 
analysis and lithic technology, providing a methodological tool particularly amenable to be applied to sites excavated in the 
past with varying degrees of recording accuracy.
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Introduction

Prehistoric archaeologists rely on interdisciplinary analy-
ses of multi-stratified sites to reconstruct past environ-
ments, climate fluctuations, population dynamics, and 
related cultural changes. One of the most powerful tools 
for modeling chrono-cultural changes is the techno-typo-
logical study of lithic artifacts retrieved from well-dated, 
geo-archaeologically defined layers. Lithics, the most 
common findings in Paleolithic contexts, represent the 
byproducts of learned behaviors. These artifacts allow for 
discussions on the nature and mode of acquisition of new 
technologies by foraging groups, thanks to detailed tech-
nological and typological assessments (Tostevin, 2013). 
However, to fully understand cultural changes, it is crucial 
to understand the depositional and post-depositional his-
tory of the archaeological record as much as possible. This 
can be achieved by discerning and modeling the natural 
and anthropogenic processes that shaped and preserved 
the stratigraphic sequence (e.g., Butzer, 1982; Schiffer, 
1987; Texier, 2000).

A rigorous analysis of site formation processes is par-
ticularly critical in karstic cave sites (Deschamps & Zilhão, 
2018; Farrand, 2001; Goldberg et al., 1993; Villa & Cour-
tin, 1983). Unlike open-air sites, cave sites present unique 
characteristics in terms of syn- and post-depositional pro-
cesses (Barton & Clark, 1993; Hughes & Lampert, 1977). 
Caves are frequently subject to water runoff, freeze–thaw 
cycles, rockfalls, massive sedimentary collapses, and ani-
mal burrowing (Texier, 2000). The cumulative effects of 
these processes can result in the erosion of parts of the 
archaeological deposit, leading to hiatuses and uncon-
formities in the stratigraphic sequence. Additionally, the 
confined living conditions in caves and rock shelters sug-
gest repeated use of the same area over various periods, 
resulting in intricate palimpsest formations (Bailey, 2007), 
particularly when sedimentation rates are slow. In recent 
years, several studies have made significant advances in 
addressing these complex issues (Bel, 2022; Bel et al., 
2020; Deschamps & Zilhão, 2018; Thomas et al., 2019).

On top of that, archaeologists often face the challeng-
ing task of determining whether the stratigraphic layers 
identified during site excavation—based on sedimento-
logical, geological, and archaeological observations—are 
truly meaningful for analyzing cultural diachronic changes 
(Boschian et al., 2017). Unfortunately, these stratigraphic 
layers are frequently used to model cultural variabil-
ity without thorough prior evaluation (Romagnoli et al., 
2018). A noteworthy study on the Châtelperronian site of 
Cassenade in southwestern France rigorously addresses 
this critical issue (Discamps et al., 2023). At Cassenade, 
distinct human and carnivore occupations were found to 

be mixed within the same layers originally defined dur-
ing fieldwork. In this context, sedimentation rate emerges 
as a crucial factor influencing the ability to identify sub-
layers, anthropogenic features, and discrete events within 
palimpsest formations. This issue is exacerbated at sites 
excavated using low-resolution techniques, such as inaccu-
rately documenting the absolute elevation of archaeologi-
cal finds (McPherron et al., 2005), or at sites investigated 
with varying excavation strategies over time (Gravina 
et al., 2018).

In the early Upper Paleolithic, achieving the highest 
possible resolution in modeling cultural change dynam-
ics is crucial, especially for sites with thick stratigraphic 
sequences. During this period, technocomplexes gener-
ally exhibit faster rates of diachronic change and inter-
mittent regionalization, likely linked to varying degrees 
of population interconnectivity (Maier et al., 2022). The 
Aurignacian stands out as the first Upper Paleolithic 
technocomplex with a broad geographic distribution (Le 
Brun-Ricalens & Bordes, 2007), contrasting with more 
regionally localized and debated technocomplexes like the 
Uluzzian (Moroni et al., 2018; Peresani et al., 2019b) and 
the Châtelperronian (Pelegrin, 1995; Roussel et al., 2016).

The earliest manifestations of the Aurignacian, dating 
to ~ 43–40 ka cal BP (Frouin et al., 2022; Higham et al., 
2009; Nigst et al., 2014; Wood et al., 2014), have been piv-
otal in understanding human adaptive responses to diverse 
ecological settings and changing environments (Anderson 
et al., 2015; Banks et al., 2013a; Giaccio et al., 2017; Le 
Brun-Ricalens & Bordes, 2007). The observed diachronic 
variability in both lithic and bone tools has enabled 
archaeologists to identify distinct chrono-cultural phases 
within the Aurignacian, with extensive research in south-
western France playing a key role in this task (Anderson 
et al., 2018). This chrono-cultural model, initially based 
on sites in southwestern France, has since been adopted 
on a pan-European scale (Dinnis et al., 2019; Teyssandier 
& Zilhão, 2018).

Some scholars have argued that the Aquitaine model 
cannot be uncritically applied to such a broad geographic 
framework (Bataille et al., 2018; Falcucci et al., 2020; Gen-
nai, 2021). One key site for discussing Aurignacian chrono-
cultural dynamics outside of southwestern France is Fumane 
Cave in northeastern Italy (Fig. 1a,b). Fumane contains a 
stratigraphic sequence spanning most of the Aurignacian’s 
chronological range, from ~ 41 ky cal BP to the onset of Hein-
rich Event 3 (Higham et al., 2009; Peresani, 2022). Detailed 
techno-typological studies of the entire Aurignacian sequence 
have revealed a remarkable similarity among the investigated 
layers, leading Falcucci et al. (2020) to propose that the Pro-
toaurignacian in northeastern Italy persisted longer than in 
regions like southwestern France and northern Iberia.
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However, Falcucci et al. (2020) relied solely on field notes 
and photographic documentation to assess the varying degrees 
of post-depositional disturbances across different cave sectors 
and to evaluate the reliability of the stratigraphic sequence 
documented during the excavations. Similarly, the proposed 
stratigraphic correlations among different excavation areas 
were mainly based on find density and the excavation history 
of the site. This approach is problematic, as previous stud-
ies have suggested stratigraphic issues at Fumane due to the 
heterogeneous charcoal content in A2 and the presence of 
dates that were not in stratigraphic order above it (Banks et al., 
2013a, b; Zilhão et al., 2024). Additionally, artifacts diagnos-
tic of the Early Aurignacian, such as split-based points, were 
recovered, further complicating the stratigraphic and chrono-
cultural interpretation (Teyssandier & Zilhão, 2018).

In this study, we build on the previous work by evaluat-
ing the deposit’s integrity using for the first time a lithic 
taphonomic approach and in-depth spatial analyses. Lithic 
taphonomy is a powerful tool for unraveling the formation 
processes of archaeological sites and assessing the integrity 

of lithic assemblages (Romagnoli & Vaquero, 2019; Sisk & 
Shea, 2008; Villa, 2004), effectively supplementing geoar-
chaeological data. To test the hypothesis of cultural continu-
ity across Fumane Cave’s Aurignacian sequence and assess 
the integrity of the assemblages, we employ the blade break 
connection method by Bordes (2000), complemented by a 
comprehensive spatial analysis of conjoining links.

Unlike technological refits (Romagnoli & Vaquero, 2019 
and references therein), break connections among lithic 
fragments offer deeper insights into the natural and human 
processes responsible for the formation of the archaeologi-
cal record. Additionally, this approach systematically tests 
all potential connections (Bel et al., 2020; Cziesla, 1987; 
Gravina et al., 2018). The method assumes that blades pri-
marily break in place due to various processes (e.g., knap-
ping mistakes, tool manufacturing, trampling, and sediment 
compression). A significant number of connections in spa-
tial proximity would suggest minimal syn- and post-depo-
sitional processes, while connections between distant areas 
would indicate displacement caused by either more intense 

Fig. 1   a Physical map of Europe showing the geographical location 
of Fumane Cave (indicated by a white dot) in northeastern Italy; b 
View of the site’s entrance with Tunnel B forming the main cavity, 
and Tunnel A on the left. Tunnel C is located on the right side of the 
cave but is not visible in the image. For a plan view of the cave, see 
the sketch in Fig. 2; c Sketch of the sagittal section of the cave, show-
ing evidence of the late Mousterian (A11–A4), Uluzzian (A3), Aurig-

nacian (A2–A1, D6–D3), and the stratigraphic complex D1; d Sketch 
of the transversal section of the cave, depicting the succession of SUs 
mentioned above. The base of D3 is more visible in section (c). See 
also SM Figs. S1 and S2 for photographs of the stratigraphic profiles 
(Section c by M. Cremaschi and M. Peresani, redrawn by S. Muratori; 
section d by M. Peresani and S. Muratori)
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post-depositional disturbances or complex processes, includ-
ing anthropogenic ones. For instance, Paleolithic foragers 
might have accumulated lithics in various cave areas as part 
of refuse disposal strategies (Bel et al., 2020). Alternatively, 
artifacts could have been vertically displaced due to house-
hold activities, such as digging pits for combustion features.

By applying the break connection method to the Aurig-
nacian sequence of Fumane Cave, we aim to address four 
key questions: Firstly, we will determine the extent to which 
post-depositional events influenced the formation of the 
Aurignacian lithic assemblages. Secondly, we will critically 
evaluate the cultural significance of the stratigraphic units 
(SUs) defined during excavations and the accuracy of the 
previously proposed stratigraphic correlations. Thirdly, we 
will assess the intra-site variability and spatial organization 
of the site by studying different cave areas that appear to 
be less affected by inter-SU artifact migration or excava-
tion inaccuracies. Lastly, we will test the hypothesis of local 
chrono-cultural continuity of the Protoaurignacian (Fal-
cucci et al., 2020) through a diachronic analysis using those 
excavation areas and SUs with higher intra-SU conjoining 
rates. Through these four objectives, our overarching aim 
is to refine our understanding of the Aurignacian’s chrono-
cultural development on a regional scale, thereby contribut-
ing to a deeper comprehension of human cultural dynamics 
during the early Upper Paleolithic.

Materials and Methods

Excavation Protocol and Selection of the Analytical 
Units

Fieldwork at Fumane has spanned several decades, employ-
ing various excavation methods, protocols, and inconsistent 
digital registration techniques (see Supplementary Material; 
SM Note S1). The primary excavations targeting the Upper 
Paleolithic deposits occurred between 1988 and 2006. In 
most cases, SUs were defined based on geoarchaeological 
criteria and archaeological content. However, when strati-
graphic boundaries were unclear, excavations proceeded by 
removing spits of sediment. This approach led to varying 
degrees of accuracy in the definition of SUs. Additionally, 
the characteristics of the SUs vary in different areas of the 
excavation and not all SUs were identified across the entire 
excavation area, primarily due to the significant differences 
in sedimentary composition. Consequently, the extension 
and composition of the SUs are not uniform, with some 
SUs displaying substantial lateral variation, complicating 
straightforward archaeological correlations. SM Note S2 
provides a detailed description of all studied SUs, with a 
focus on sediment composition, evidence of anthropogenic 
features, major post-depositional events identified during 

excavations, and spatial extent. This thorough description is 
based on an extensive study of all available documentation, 
including fieldwork notebooks, drawings, and photographic 
archives (see also SM Figs. S1–S13).

Excavations at Fumane followed a square-meter grid 
system (Fig.  2). SUs were excavated in sub-squares of 
33 × 33 cm (labeled from a to i, from top to bottom in alpha-
betical order), allowing for the plotting of most finds within 
this spatial framework. However, the systematic piece-plot-
ting of individual artifacts did not become standard practice 
until 1996. Nevertheless, the extension and elevation of SUs 
were documented throughout the excavation period. From 
the outset, systematic wet sieving of excavated sediment was 
conducted to recover the smallest organic and inorganic arti-
facts. This practice was only partially followed in the initial 
years when excavating the éboulis of the upper sedimentary 
complex in the southeastern portion of the cave, where sedi-
ments were relatively poor in archaeological content. During 
these initial years, excavation progressed at a relatively high 
pace to uncover the rich Protoaurignacian SU A2 and gain 
access to the cave’s interior.

From 1996 onward, excavations expanded to the west-
ernmost part of the cave, where more fine-grained methods 
were applied, leading to a better understanding of the SUs 
forming the D3 sequence. This has made it difficult to estab-
lish explicit correlations between the western and eastern 
sections of the cave. For example, SU D3b alpha was not 
documented in the eastern part of the cave. This may be 
attributed to either the coarser excavation methods used in 
the D3 complex before 1996 or the increased stoniness of 
the SUs in that area, which may have obscured or prevented 
the preservation of this thin SU. Additionally, the interplay 
between excavation history and the stark difference in sedi-
ment composition between the eastern and western sectors 
of the cave has resulted in the identification of distinct SUs 
that may not be stratigraphically consecutive but are instead 
separated by an abrupt transition, roughly corresponding to 
the boundary between the micritic banks and the calcarenites 
characteristic of the cave (see also SM Note S2 for more 
details). One of the aims of the break connection program 
presented in this work is to address this issue, along with 
testing the integrity of the lithic assemblages.

In this study, we considered a total of 15 SUs, span-
ning from the earliest Protoaurignacian to the uppermost 
SUs of the stratigraphic sequence: A2, A2R, A1, D6, D3d 
base, D3d, D3b alpha, D3b, D3a, D3 + D6, D3a + b sabbie, 
D3a + b, D1c, D1d, and D1e. Except for the early Gravet-
tian assemblage from SU D1d (Falcucci & Peresani, 2019) 
and the semi-sterile D1e, all other SUs yielded lithic assem-
blages related to the Aurignacian technocomplex. Several 
studies have analyzed these SUs, focusing on lithic indus-
tries (Bertola et al., 2013; Broglio et al., 2005; Falcucci 
et al., 2020), the zooarchaeological record and the organic 
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tools (Broglio & Dalmeri, 2005; Gurioli et al., 2005; Marín-
Arroyo et al., 2023), and the symbolic artifacts (Peresani 
et al., 2019a; Sigari et al., 2022).

Lithic Break Connection Program

In previous decades, the analysis of the Upper Paleolithic 
assemblages from Fumane Cave primarily relied on the 
SUs defined during fieldwork to investigate the site’s 
chrono-cultural development. To address the limitations 
of this approach and assess the integrity of the studied 
lithic assemblages, we employed a lithic break connection 
method (Bordes, 2000). In the literature, the terms “break 
connection” and “conjoin” are used interchangeably, and 
we will use both terms throughout this paper. This method 
allows for the objective quantification of intra- and inter-
SU connections by systematically testing all potential con-
nections between recovered fragments. Initially refined by 
Bordes (2000), this technique has been widely applied to 
Upper Paleolithic industries characterized by a strong lami-
nar component (Bel et al., 2020; Bordes, 2002; Tsanova, 

2008). More recently, it has also been tested, with less 
success, on flake-dominated assemblages (Gravina et al., 
2018).

For this study, we focused exclusively on blade fragments, 
as the Aurignacian assemblages at Fumane are known for 
their significant laminar component (Falcucci et al., 2020). 
Based on Gravina et al. (2018), flake fragments are gen-
erally more challenging to connect. We selected all blade 
fragments with a width of 12 mm or greater from 15 SUs 
across the entire excavation area. Due to their fragmented 
state, these blades could not be classified by their stand-
ard metric definition (i.e., length at least twice the width). 
Instead, they were categorized based on morphological and 
technological attributes, such as edge regularity, presence 
of small butts and lips, and unidirectional sub-parallel to 
convergent dorsal scars. Bladelets (i.e., laminar blanks with 
a width under 12 mm; Tixier, 1963) were excluded from this 
study to optimize the search for break connections, given the 
already substantial number of blade fragments. However, 
Bel et al. (2020) have demonstrated that the method can also 
be successfully applied to small-sized laminar implements.

Fig. 2   Plan view of the cave 
showing its three main tunnels 
(A, B, and C) and the square 
meter grid used during the 
archaeological excavation, along 
with the division of the site 
according to the cave drip line 
and orientation. The figure also 
highlights the locations of the 
stratigraphic profiles depicted 
in Fig. 1c (sagittal section) and 
Fig. 1d (transversal section). 
Additionally, the visualiza-
tion includes the subdivision 
of square meter units into 
33 × 33 cm sub-squares (top 
left)

Western side Eastern side

North

Cave drip line

Cave interior
(above the drip line)

Cave exterior
(below the drip line)

Transversal section (Fig. 1d)
Sagittal section (Fig. 1c)

a b c
d e f
g h i

Sub-squares
(33x33 cm)
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Approximately 400 person-hours were required to prepare 
the assemblages for the systematic break connection program. 
During this preparatory phase, we categorized and quanti-
fied all fragments based on their preservation (i.e., proximal, 
mesial, and distal), raw material type, presence of cortex cover-
age, and localization of retouch. A small number of proximal 
fragments with hinged terminations, indicative of knapping 
errors resulting in the detachment of an already fragmented 
blade (Inizan et al., 1995), were excluded from the analy-
sis. The total sample size comprised 3254 blade fragments 
(Table 1), making it the largest sample ever analyzed using this 
method. Proximal portions were the most common, followed 
by distal and mesial fragments. These fragments were distrib-
uted across all analyzed SUs, with the highest frequency found 
in SU A2. Variations in fragment numbers are consistent with 
overall artifact density within each SU (Falcucci et al., 2017, 
2020). This numerical disparity in lithic assemblages can be 
attributed to factors such as the rapid sedimentation rate of the 
younger sequence, progressive deterioration of the cave walls, 
and reduced frequency of cave use after the deposition of SUs 
A2–A1 (Falcucci et al., 2020).

The fragments were organized and laid out on five 
tables, each measuring 250 × 90 cm (total area: 11.25 m2), 
following a precise raw material and techno-typological 
sorting strategy (SM Fig. S14). All possible combinations 

were systematically tested, including connections between 
proximal, mesial, and distal fragments, as well as mesial-
to-mesial and mesial-to-distal connections. In cases where 
thermally altered blades could not be assigned to a specific 
raw material variety, fragments were tested against all raw 
material types. Cortical blades were also tested with non-
cortical fragments when the cortex did not reach the fracture. 
Tests were conducted both intra- and inter-SU, beginning 
with spatially related square meters and gradually extend-
ing to more distant sectors of the cave. Three researchers 
(AF, FZ, MDL) collectively dedicated approximately 300 
working hours to the break connection program, meticu-
lously double-checking all possible combinations to enhance 
the conjoining rate. MP and two colleagues occasionally 
contributed to this work, identifying additional connec-
tions. Each possible combination was tested at least twice. 
Connection tests were then halted only when the trade-off 
between costs (i.e., time) and benefits (i.e., number of con-
joins) significantly decreased, essentially reaching the point 
of diminishing returns (Laughlin & Kelly, 2010). A total of 
509 connecting blade fragments were identified, forming 
247 complete blades.

All break connections found and analyzed in this study 
were recorded in a spreadsheet, documenting the square and 
SU of provenance, metric attributes (i.e., length, width, and 
thickness), and taphonomic traits (e.g., thermal alterations). 
Fracture types were not systematically documented, as most 
fragments displayed bending fractures, which can result 
from various factors, including post-depositional processes 
like trampling, as well as knapping and breakage during use 
(Cotterell & Kamminga, 1987; Eren et al., 2010; Fischer 
et al., 1984; Jennings, 2011; Roche & Tixier, 1982). Con-
joining rates were calculated for the entire sample and each 
SU, based on the total number of fragments tested and those 
successfully connected (Cziesla, 1990), as follows:

Intra- and inter-SU conjoining rates were then compared 
to assess the significance and extent of artifact displacement.

Spatial Analysis

The results of the break connection program were further 
evaluated through a comprehensive spatial analysis of the 
horizontal and vertical distributions, the extension and direc-
tion of connection lines, areal counts, and the areal ratio 
between different subsets of data. To conduct these spatial 
analyses, we first undertook a thorough re-evaluation of 
all excavation documentation, including fieldwork note-
books, plan views, stratigraphic sections, and photographic 
material. Additionally, we reviewed and digitized all past 

Number of successfully connected fragments

Total number of fragments tested
× 100

Table 1   Classification of the blades used in this study according to 
fragment preservation and  stratigraphic unit (SU) of provenience 
(from the lowermost SU A2 to the top of the stratigraphic sequence 
in SU D1e)

The last column sums the overall number of fragments within each 
SU. Percentages are provided in brackets

Proximal Mesial Distal Total

SU n (%) n (%) n (%) n (%)
D1e 1 (50%) 1 (50%) 0 (-) 2 (0.1%)
D1d 2 (40%) 0 (-) 3 (60%) 5 (0.2%)
D1c 6 (33.3%) 7 (38.9%) 5 (27.8%) 18 (0.6%)
D3a + b 22 (39.3%) 18 (32.1%) 16 (28.6%) 56 (1.7%)
D3a + b 

sabbie
6 (28.6%) 5 (23.8%) 10 (47.6%) 21 (0.6%)

D3 + D6 39 (28.3%) 47 (34.1%) 52 (37.7%) 138 (4.2%)
D3a 0 (-) 0 (-) 2 (100%) 2 (0.1%)
D3b 25 (39.7%) 15 (23.8%) 23 (36.5%) 63 (1.9%)
D3b alpha 31 (44.3%) 22 (31.4%) 17 (24.3%) 70 (2.2%)
D3d 18 (32.7%) 16 (29.1%) 21 (38.2%) 55 (1.7%)
D3d base 82 (40.4%) 51 (25.1%) 70 (34.5%) 203 (6.2%)
D6 95 (41.1%) 61 (26.4%) 75 (32.5%) 231 (7.1%)
A1 280 (39.9%) 184 (26.2%) 237 (33.8%) 701 (21.5%)
A2R 49 (30.1%) 46 (28.2%) 68 (41.7%) 163 (5%)
A2 585 (38.3%) 435 (28.5%) 506 (33.2%) 1526 (46.9%)
Total 1241 

(38.1%)
908 (27.9%) 1105 (34%) 3254 (100%)
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databases of piece-plotted artifacts, correcting handwritten 
coordinates as needed. This extensive digitization and data 
cleaning process allowed us to build a consistent spatial 
database of the lithic assemblage and gain a clearer under-
standing of the relative spatial extensions of the SUs.

Regarding our sample of break connections, only a small 
number of connected blade fragments (32 out of 509) had 
unique 3D spatial coordinates recorded during the most 
recent excavations. For the remaining fragments (n = 477), 
X and Y coordinates were extrapolated, when possible, 
from the central coordinates of the sub-square (or square, if 
sub-square information was lacking) of provenance for each 
fragment. The coordinates were then randomized within the 
spatial limits of the corresponding sub-square or square, 
following common practices in the field (e.g., Giusti et al., 
2018; Sánchez-Romero et al., 2022). Only three fragments 
from D6 could not be spatially located due to a lack of infor-
mation on their square of origin and were therefore excluded 
from subsequent spatial analyses.

For the Z coordinates of the non-plotted fragments, we 
used a combination of two approaches. The first approach 
utilized the mean Z coordinate of all plotted pieces from the 
same square of origin as the non-plotted and sieved frag-
ment. This method provided estimated elevations for 107 out 
of 474 fragments. The second approach relied on the aver-
age Z elevation of the SU of provenance, as recorded in the 
square or sub-square of origin. This method provided esti-
mated elevations for an additional 357 fragments. Elevation 
values were then randomized within the range of maximum 
and minimum Z values for the reference SU in the square or 
sub-square of provenance. In total, out of our sample of 509 
connections from 12 SUs, XY coordinates could be mod-
elled for 506 fragments and XYZ coordinates could be mod-
elled for 496 fragments. The fragments excluded from the 
analyses were all from SUs D6 (n = 10) and D3 + D6 (n = 3).

To address our research questions, we adopted a multi-
pronged spatial analytic approach, analyzing both intra- and 
inter-SU connections. We analyzed (1) the length of conjoin-
ing lines; (2) their vertical extension; (3) their orientation 
patterns; (4) the distribution of observed thermal alterations 
on those conjoined fragments; (5) the areal ratio between 
the densities of blade fragments and complete blades. We 
dubbed this ratio the standardized fracture ratio (SFR) and 
used it as an indication of the relative risk of occurrence of 
fractures in the blade assemblage.

Length of Conjoining Lines

Horizontal distances among connected fragments were clas-
sified into four categories defined by Cziesla (1990): short 
(< 0.5 m), medium (0.5–2.1 m), long (2.1–4 m), and very 
long (> 4 m) distances. These length classes were then ana-
lyzed by the number of connections (2, 3, or 4 connected 

fragments). According to Cziesla (1990), a prevalence of 
short connections is considered a proxy for a well-preserved 
archaeological record, with shorter lines indicating minimal 
reworking processes and greater relevance for behavioral 
studies. We expect shorter connections to be more frequent 
within single SUs (intra-SU). Conversely, long or very long 
lines may indicate significant material dispersion, potentially 
due to prolonged settlement, post-depositional processes, 
human or animal trampling, organized use of space, or 
karstic processes like gravity or water runoff. Longer con-
nections are expected to be more frequent between different 
SUs (inter-SU).

Vertical Extension of Conjoining Lines

Using the subset of 496 connecting fragments, we calcu-
lated the absolute vertical distance (ΔZ) between pairs of 
connected fragments. These ΔZ values were grouped by 
length classes (Cziesla, 1990), for both intra- and inter-SU 
connections. Lower ΔZ values are anticipated in the short-
length class, while higher values are progressively expected 
in longer connections. We assume that higher ΔZ values are 
more likely to occur in inter-SU connections (Villa, 1982).

Orientation of Conjoining Lines

The orientation of conjoining lines, often analyzed in tech-
nological studies, serves as a proxy for natural or behavio-
ral processes (Discamps et al., 2023; Vaquero et al., 2017; 
among others). In the context of a lithic break connection 
program, orientation patterns can also indicate taphonomic 
or cultural processes. Here, we evaluated orientation pat-
terns for a subset of 87 intra-A2 connections composed of 2 
fragments, which constitute the majority of the intra-SU sub-
sample (n = 128). We also analyzed the intra-A1 connections 
(n = 20), the subset of A2/A1 inter-SU connections (n = 27), 
and the subset of long and very long connections in A2 and 
A1. Rose diagrams were used to visualize the distribution of 
line directions on the horizontal plane, while Benn diagrams 
(Benn, 1994) were employed to compare different datasets 
in three-dimensional space. The Benn diagram distinguishes 
between linear (clustered), planar (girdle), or isotropic dis-
tributions. Although no published orientation datasets from 
other break connection programs are available, the Benn 
diagram was used here primarily to characterize the orienta-
tion patterns relative to the studied SUs.

Distribution of Thermal Alterations

We visually analyzed the spatial distribution of thermal alter-
ations in two subsets of connected fragments (intra-A2 and 
inter-A2/A1), considering the distribution of anthropogenic 
features identified during excavations (Broglio et al., 2006) and 
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partially analyzed by Marcazzan et al. (2022), using microcon-
textual geo-archaeological techniques.

Standardized Fracture Ratio (SFR)

To provide a comprehensive, diachronic context to the spatial 
distribution of connected blade fragments, we examined the 
relative spatial distribution of blade fragments compared to 
complete blades from corresponding SUs. Drawing on meth-
ods used in spatial epidemiology (Diggle, 2003; Gatrell et al., 
1996), we treated blade fragments as “cases” and complete 
blades as “controls”. The spatial distribution of cases represents 
different processes leading to blade breakage (e.g., sediment 
compression, trampling, intentional breaking), while controls 
refer to complete blades. Mapping cases alone gives no infor-
mation about the “risk” of their occurrence (i.e., the risk of a 
fracture occurring), given that the cases are mainly distributed 
according to the underlying record (i.e., controls). A common 
method used in spatial epidemiology to overcome such a limit 
relies on the estimation of the “risk”, in a given region i, as the 
ratio between the number of observed cases (O) in region i 
(square, sq) and stratum j (stratigraphic unit, SU) and a Poisson 
distribution, namely the expected number of cases (E), with 
mean equal to the number of controls in region i and stratum j. 
Such a ratio is known in spatial epidemiology as the standard-
ized mortality ratio (SMR; Bivand et al., 2013).

Following Bivand et al. (2013), the standardized fracture 
ratio (SFR) can be defined as SFRi = Oi/Ei with Oi as the num-
ber of blade fragments in sqi and SUj (observed cases) and Ei 
as the number of complete blades in sqi and SUj (expected 
cases). Thus, it would be of special interest the region i where 
the relative risk (SFR) is significantly higher than 1. A signifi-
cantly higher density of blade fragments with respect to the 
expected complete blades would suggest that e.g., a process 
leading to the break of the blades was more intense in region i 
than other regions; or a process selectively accumulated blade 
fragments in region i more than other regions. To grasp the 
local risk of blade breaks happening in such a dynamic envi-
ronment provides further insights into the full understanding 
in taphonomic terms of a lithic break connection program. To 
gain additional detail, we also calculated a modified SFR that, 
for observed cases, used only the fragments involved in short 
and medium distance connections. If the SFR significantly 
exceeds 1, it may indicate a localized process or a combina-
tion of processes that caused in-place blade breakage without 
significant fragment dispersion.

Technological and Chrono‑Cultural Reassessment 
of the Aurignacian Assemblages

We reassessed the technological and chrono-cultural vari-
ability of the Aurignacian lithic assemblages at Fumane, 
focusing on the SUs and excavation areas identified as most 

suitable based on our spatial analyses. For this purpose, 
we sampled the techno-typological datasets, previously 
compiled by one of us (AF), by SU and square meter of 
provenance. The new technological analysis of the selected 
areas and SUs employed a combination of attribute analysis 
(Andrefsky, 1998) and reduction sequence analysis (Inizan 
et al., 1995), following the methodologies established in 
prior studies at the site.

Our analysis explored both intra- and inter-SU variabil-
ity concerning raw material selection strategies, core reduc-
tion patterns, reduction intensity proxies, and the frequency 
of cores and other diagnostic tools associated with initial 
phases of the Aurignacian, specifically the Protoaurigna-
cian and Early Aurignacian. This technological analysis 
was further complemented by the quantification of osseous 
tools and personal ornaments recovered from the selected 
areas and SUs. The presence and characteristics of bone 
tools and ornaments are essential when investigating the 
chrono-cultural development of the Aurignacian. Osseous 
tools have been extensively described in previous studies 
(Bertola et al., 2013; Broglio & Dalmeri, 2005, among oth-
ers), while the classification of marine and freshwater shells 
follows the work of Peresani et al. (2019a).

The primary focus of our reassessment was on the vari-
ability of blade and bladelet production, which are defin-
ing characteristics of the Aurignacian technocomplex. We 
utilized discrete and metric attributes previously compiled 
by Falcucci et al. (2017) and Falcucci et al. (2020). Core 
types were categorized according to the classification sys-
tem proposed by Falcucci and Peresani (2018), and the 
typological list used was a revised and simplified version 
of widely recognized Upper Paleolithic typologies (de 
Sonneville-Bordes, 1960; Demars & Laurent, 1992). Addi-
tionally, we incorporated supplementary data derived from 
3D models of cores published by Falcucci and Peresani 
(2023). By applying the scar density index (SDI) on the 
3D models of all blade and bladelet cores, following the 
method developed by Clarkson (2013), we explored vari-
ations in reduction intensity across the lithic subsets. The 
SDI was calculated by measuring the core surface area (in 
mm2) and counting all visible scars longer than 20 mm, as 
outlined by Lombao et al. (2023). The core surface area 
was then divided by the total number of visible scars to 
obtain the SDI, which was subsequently logarithmically 
transformed (LogSDI).

To highlight differences between various data subsets, 
we employed univariate non-parametric statistical methods 
on both metric and categorical variables. Additionally, we 
conducted a multiple correspondence analysis (MCA) to 
examine several interrelated variables associated with the 
technological and morphometric features of bladelets (Cas-
calheira, 2019; Leplongeon et al., 2020; Scerri et al., 2014). 
The MCA allowed us to reduce the complexity of our data 
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and explore correlations between different variables. Fur-
thermore, we used K-means clustering algorithms to cat-
egorize morphological continuous variables, such as blank 
elongation and robustness, following Cascalheira’s (2019) 
approach. Categories representing less than 5% were con-
densed into a single category labeled “Other.” Using the 
scores and loadings obtained from the MCA, we assessed 
the statistical differences between assemblages through an 
analysis of variance (ANOVA), providing insights into the 
technological and chronological nuances of the Aurignacian 
assemblages.

Results: Part One

Quantification of the Break Connections

We successfully connected 509 out of 3254 blade fragments, 
yielding an overall conjoining rate of 15.6%. These connec-
tions encompass a total of 247 blades, with the majority 
involving two fragments (n = 234), while connections with 
three (n = 11) or four (n = 2) fragments are less common 
(Fig. 3). The number of connections identified varies across 
the stratigraphic sequence, with the highest concentrations 
found in the lowermost SUs A2 and A1 (Table 2). Inter-
estingly, these SUs also had the highest number of blade 
fragments (1526 and 701, respectively), which aligns with 
the overall density of lithic materials previously reported 
by Falcucci et al. (2020). However, it is important to note 
that conjoining rates do not strictly correlate with the num-
ber of available fragments. For instance, despite the lower 
frequency of fragments in SUs such as A2R, D6, D3 + D6, 
D3d base, D3d, and D3b alpha, these SUs exhibit higher 
conjoining rates than A1. Conversely, SUs with fewer blade 
fragments show very low conjoining rates. For example, no 
connections were found in D1e, D1d (early Gravettian), and 
D3a, which will therefore be excluded from the subsequent 
spatial analysis. Overall, SUs A2, D3d, and D3b alpha stand 
out for their higher conjoining rates, each exceeding 18%.

The majority of intra-SU connections are found in A2 
(n = 188), followed by A1 (n = 42). Intra-SU connections 
exceed 50% only in SUs A2, A1, D3b alpha, and D3 + D6. 
Inter-SU connections, however, are common across the site, 
with an overall percentage of 45.2%. These connections are 
particularly frequent in SUs from the upper complex D, 
where, for instance, only inter-SU connections were identi-
fied in SUs D3d, D3a + b, D3a + b sabbie, and D1c. Figure 4 
presents the distribution matrix of both intra- and inter-SU 
connections. SU A2 is notable for showing the most con-
nections, linking with all other SUs except for D3a, D1d, 
and D1e. Generally, inter-SU connections are more frequent 
between SUs that are stratigraphically close or in lateral 
continuity. Notably, numerous connections were observed 

between A2 and SUs A1, D6, A2R, and D3d base. Despite 
being few, connections between vertically and horizontally 
distant SUs also occur, such as between A2 and D1c.

Subsequent spatial and technological analyses were con-
ducted for SUs A2, A1, and D3b alpha. These SUs were 
selected based on conjoining rates, frequencies of intra- 
and inter-SU break connections, stratigraphic position, and 
technological significance. A2 and A1 were chosen for their 
close stratigraphic relationship, overall high percentages of 
intra- and inter-SU connections, and their archaeological 
importance. Although D3b alpha was not identified in the 
entire eastern half of the cave and contained a relatively low 
number of blade fragments (n = 70), it was selected due to its 
relatively high conjoining rate (18.6%) and the high percent-
age of intra-SU connections (61.5%). In D3b alpha, we also 
identified a few additional technological refits (De Stefani, 
2003; Falcucci et al., 2020) and excavation documentation 
shows a dense accumulation of debitage, likely resulting 
from a single knapping event, near an anthropogenic fea-
ture (see SM Fig. S9). Finally, despite their overall high 
conjoining rates, SUs A2R, D3d, D3d base, and D6 were 
excluded from further spatial and technological analyses due 
to their lower percentages of intra-SU connections compared 
to inter-SU ones.

Spatial Analysis

Figures 5 and 6 illustrate the horizontal distribution of intra- 
and inter-SU connections, focusing on blade fragments with 
valid spatial data and consisting of two fragments. Among 
the studied SUs, A2 is the most extensively excavated and 
accordingly accounts for most of the intra-SU connections 
(n = 182, corresponding to 91 blades), followed by A1 
(n = 40, corresponding to 20 blades). In A2, the distribution 
of connections is relatively homogeneous, while in A1, con-
nections are concentrated primarily below the cave drip line, 
with several connections found at the eastern edge of this 
region (e.g., square 62), where A2 connections are sparse. 
The rest of the intra-SU conjoining fragments spread quite 
uniformly in low numbers in the other SUs. In D3b alpha, 
for instance, the few intra-SU connections are clustered just 
above the cave drip line.

For inter-SU connections, most fragments are again from 
A2. The majority of these connections are found between A2 
and A1 (n = 31), followed by D6 (n = 17), A2R (n = 10), and 
D3d base (n = 10). Beside A2, fragments from A1 connect 
mostly with D3d base (n = 5). Notably, A2/A1 connections 
link regions around the cave drip line with an internal cave 
region to the east and north of Tunnel C, where A1 is absent. 
Several connections were also found below the cave drip line 
(e.g., squares 57, 56, 55, 50). A2R shows a marked intercon-
nection with A2, with several conjoins linking areas where 
A2R was not identified. The few A2/D3b alpha connections 
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(n = 3) link distant areas in the western half of the cave. 
Finally, connections involving three and four fragments are 
all inter-SU (n = 11 and 2, respectively). Six, out of a total 
of 11 connections made up of three fragments, link A2 with 
either A1, D3b alpha, D3d, D3d base, or D3a + b sabbie.

Length of Connection Lines

Figure  7a shows the distribution of line lengths for 
both intra-SU (n = 134) and inter-SU (n = 110) connec-
tions, categorized by the four classes defined by Cziesla 
(1990) and the number of connected blade fragments. As 
expected, the number of intra-SU short lines is signifi-
cantly higher than that of inter-SU ones (Table 3). Short 
lines account for 38% (n = 52) of all intra-SU connec-
tions and 6.5% (n = 7) of all inter-SU connections. Intra-
A2 and intra-A1 connections together account for 83% 
(n = 111) of all intra-SU connections, not only in the short 
and medium-distance classes. Most (9 out of 10) of the 
very long-distance connections come from A2, which also 
accounts for the majority (20 out of 24) of long-distance 
connections. Notably, intra-A2 connections include three 
of the four intra-SU connections made up of three frag-
ments, and one of the two connections made up of four 
fragments. The frequency of medium- and long-distance 
lines is quite comparable between intra- and inter-SU 
connections. Medium-length lines constitute the majority 
of the inter-SU connections (45.5%, n = 50), while they 
account for 36% (n = 48) of intra-SU connections. Long 
lines represent 18% (n = 24) of total intra-SU connections 
and 22% (n = 24) of inter-SU connections. Very long lines 
are significantly more common in inter-SU connections 
(26%, n = 29). As expected, shorter connections are more 
frequent within single SUs (intra-SU). Conversely, longer 
connections were expected to be more frequent between 
different SUs (inter-SU). Instead, the frequency distribu-
tion of inter-SU shows a peak in the medium range.

Vertical Extension of Connecting Lines

Figure 7b shows the distribution of the absolute vertical dis-
tance (ΔZ) between two conjoining fragments, categorized 
by intra- and inter-SU connections according to Cziesla’s 
classes. As expected, short intra-SU connections cluster 
around ΔZ = 0. Within Cziesla’s classes, the distribution 
of intra-SU connections is right-skewed, with a gradual 

increase in ΔZ median values, reaching a median of 0.25 m 
in the very long class. This median value is comparable to 
inter-SU very long connections, although the latter display 
a broader range, with outlier ΔZ values exceeding 0.6 m. 
Overall, short, medium, and long inter-SU connections 
exhibit relatively higher ΔZ median values than intra-SU 
connections, with notable differences between the two cat-
egories in the short and medium classes. While higher ΔZ 
values are expected in inter-SU connections, they still show 
relatively low values.

Orientation of Connecting Lines

Figure 8 presents the Benn and Rose diagrams for subsets 
of intra- and inter-SU connections made up of two frag-
ments. It should be noted, however, that only the intra-A2 
subset contains a representative number of lines according 
to Lenoble and Bertran (2004), although the rest of the 
data still provides interesting insights. The intra-A2 subset 
(n = 87) plots at the planar corner of the Benn diagram, 
suggesting low isotropy overall. The corresponding rose 
diagram shows a relatively uniform distribution. The subset 
of long and very long intra-A2 connections (n = 27) plots 
closer to the linear corner of the diagram, indicating a less 
uniform trend in the sample. The intra-A1 sample (n = 20) 
shows higher elongation and isotropy indices, with the A1 
(long) subset (n = 3) showing significant directionality 
toward the E-NE. The inter-A2/A1 sample (n = 27) plots 
between the A2 samples, in the planar corner.

Distribution of Thermal Alterations

Figure 9a illustrates the distribution of thermal alterations 
among blade fragments from the studied SUs. A2 contains 
the highest number of blade fragments with thermal alter-
ations (n = 27). Thermal alterations are also found in A1 
(n = 2), D3b alpha (n = 2), D6 (n = 2), A2R (n = 1), and D3d 
(n = 1). Figure 9b shows the spatial distribution of thermally 
altered blade fragments within the intra-A2 subset. Interest-
ingly, burned fragments are found either next to anthropo-
genic features or adjacent to the eastern wall, to the north 
of Tunnel C. A very long connection links the latter with 
feature S17 on the southwestern edge. Similarly, a medium-
length line connects a fragment near feature S14 with Tunnel 
C. Notably, a long line connects a burned fragment with a 
non-burned one near feature S9. Figure 9c shows the spatial 
distribution of inter-A2/A1 blade fragment connections with 
thermal alterations. Two long lines link a region of A2, i.e., 
the eastern wall to the south of Tunnel C—characterized by 
a dearth of fragments—with features S9 and S10. Again, a 
long line connects a burned fragment near feature S9 with 
a non-burned one.

Fig. 3   Examples of successfully connected blades with their respec-
tive conjoining IDs, showcasing the diversity of raw materials. These 
examples include blades with and without cortical coverage, various 
levels of thermal alteration, and different degrees of patination. Most 
blades in this figure consist of two connected fragments, though some 
examples include three or four fragments. (Photos: A. Falcucci)

◂
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Table 2   Conjoining rates 
observed across the analyzed 
stratigraphic units (SUs), 
comparing the number of 
fragments to those successfully 
connected

Fragments are classified based on their connections with fragments from either the same (intra) or differ-
ent (inter) SUs. Percentages are provided in brackets. SUs are generally listed in stratigraphic order, though 
they may have been identified in different excavation areas (see SM Notes S1 and S2). Rows highlighted in 
bold indicate the SUs subjected to further analysis in this study. Conjoin. rate stands for Conjoining rate

SU Analyzed Connected Conjoin. rate (%) Intra-SU Inter-SU

D1e 2 0 0.0 0 (-) 0 (-)
D1d 5 0 0.0 0 (-) 0 (-)
D1c 18 1 5.6 0 (-) 1 (100%)
D3a + b 56 4 7.1 0 (-) 4 (100%)
D3a + b sabbie 21 2 9.5 0 (-) 2 (100%)
D3 + D6 138 19 13.8 10 (52.6%) 9 (47.4%)
D3a 2 0 0.0 0 (-) 0 (-)
D3b 63 6 9.5 2 (33.3%) 4 (66.7%)
D3b alpha 70 13 18.6 8 (61.5%) 5 (38.5%)
D3d 55 10 18.2 0 (-) 10 (100%)
D3d base 203 36 17.7 16 (44.4%) 20 (55.6%)
D6 231 36 15.6 7 (19.4%) 29 (80.6%)
A1 701 83 11.8 42 (50.6%) 41 (49.4%)
A2R 163 22 13.5 6 (27.3%) 16 (72.7%)
A2 1526 277 18.2 188 (67.9%) 89 (32.1%)
Total 3254 509 15.6 279 (54.8%) 230 (45.2%)

Fig. 4   Distribution matrix of both intra- and inter-SU connections 
across the stratigraphic sequence at Fumane Cave. The axes indicate 
SUs in stratigraphic order, though some are not strictly consecutive 
(see also SM Note S2). The numbers refer to one-to-one connections 
only; for blanks with three or more fragments, they are divided into 
pairs. To interpret the figure, start from the lowermost SU A2 along 
the y-axis and move upwards. Then, read each overlying SU along 
the x-axis, starting from A2, until reaching the box corresponding to 

the intra-SU comparison. From there, move along the y-axis to visu-
alize connections with overlying SUs. The heatmap was generated 
by log-transforming the total number of connections. Darker colors 
indicate a low number of connections, while lighter colors signify a 
higher number. Zero values (in gray) are included only for the same-
SU intersection to complete the diagonal but not in other comparisons 
to enhance readability. SUs with no identified connections (D1e, D1d, 
D3a) are excluded from the figure
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Standardized Fracture Ratio (SFR)

Figure 10 displays the areal distribution of two subsets of 
observed cases (O) of blade fragments in A2: (a) the whole 
sample, and (b) the subset of short and medium connections. 
It also shows the expected cases (E) of complete blades and 
the SFR of O/E. Interestingly, in both cases, a dense cluster 
of blade fragments is observed along the eastern wall of the 
cave, just to the north of Tunnel C, with the highest count 
in square 110. It is worth noting that the same square also 
shows a high number of complete blades. Similar densities 
between observed and expected cases are seen in squares 
55, 56, 65, and 66, just outside the cave drip line, where 
low SFRs are observed. On the other hand, squares 77 and 
95 stand out due to their very high SFRs, indicating a sig-
nificantly higher number of blade fragments than complete 
blades. Remarkably, the features S16 and S14 are found in 
squares 77 and 95, respectively. Nevertheless, anthropogenic 
features are also present in squares with low SFR values, 
such as S10.

Figure 11 shows the areal distribution of intra-A2 blade 
fragment connections by Cziesla (1990) length classes. Two 
regions of the cave are marked by relatively high fragment 

densities across all distance classes: the eastern wall to the 
north of Tunnel C and the area just below the drip line. 
Moreover, the intra-A2 very long connections include more 
fragments in the same squares where short connections are 
mostly found. Thus, connection length cannot be used in 
this specific case as a factor to assess the integrity of the SU.

Discussion: Part One

Framing the Results of the Break Connection 
Program

Fumane Cave contains one of the most important archaeo-
logical deposits of the late Pleistocene, spanning Middle to 
Upper Paleolithic technological complexes from MIS 4 to 
the onset of Heinrich Event 3 (Peresani, 2022). The wealth of 
evidence collected over the last decades of excavations has 
enabled archaeologists to explore several intensely debated 
biocultural processes, such as the demise of Neanderthals 
and the spread of Homo sapiens across Europe. In particular, 
the Uluzzian from SU A3 and the Protoaurignacian from 

Fig. 5   Spatial distribution of intra-SU connecting blade fragments. Filled gray squares represent excavated squares of the different SUs. A very 
light gray is used in the background to mark the entire grid
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SUs A2 and A1 represent pivotal point for discussions about 
the onset of the European Upper Paleolithic.

However, modeling high-resolution population dynam-
ics and chrono-cultural processes from field-defined strati-
graphic SUs requires a thorough examination and assess-
ment of the integrity and reliability of the archaeological 
deposit and analytical units, especially at a site characterized 
by complex formation processes and a long history of exca-
vations, during which different excavation protocols were 
employed. This study addresses this significant research gap 
by employing a highly efficient lithic taphonomic analysis, 
specifically the lithic break connections method (Bordes, 
2000), combined with a comprehensive spatial analysis of 
blade fragment connections. Based on the results of these 
primary taphonomic analyses, we will conduct a renewed 
technological analysis of selected regions within key SUs 
and compare our findings to previous analyses conducted 
at the site.

Regarding the lithic break connection program, the first 
point to emphasize is the overall high conjoining rate we 
achieved (15.6%). This is a significant accomplishment, 
particularly given the challenges posed by the frequent 

patination of blade fragments made from the Maiolica raw 
material, which is more prone to patination (Bertola, 2001). 
This characteristic significantly complicated and slowed 
down the systematic trials for connections. When we exam-
ine the success rates and the available relevant information 
from other published break connection studies (Table 4), 
Fumane stands out as the site with the highest conjoining 
rate, followed by Le Piage (14.8%; Bordes, 2002) and War-
wasi (14.5%; Tsanova, 2013).

It is reasonable to assume some degree of correlation 
between the extent of the excavation area and the number of 
connections typically identified (Bordes, 2000). Neverthe-
less, Warwasi, a small-sized excavation, yielded a relatively 
high rate of connections. Similarly, sample size might play 
a critical role, as a larger sample is expected to increase the 
success rate, while also slowing down the systematic search 
for break connections. However, this is not always the case, 
as other factors are likely at play. For instance, Gravina et al. 
(2018) considered a large lithic assemblage but reported 
poor results. While the authors appropriately discussed 
site preservation issues, an aspect that was less considered 
involves the selection of flakes instead of blades. Flakes are 

Fig. 6   Spatial distribution of 
inter-SU connections between 
A2 and other SUs, as well as 
between A1 and D3d base. 
Filled gray squares represent 
excavated squares of A2 (and 
A1 in the bottom right plot). 
Lighter gray empty squares 
indicate the excavated squares 
of the connected SUs. In the 
background, a very light gray is 
used to mark the whole grid
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less standardized in terms of morphology, which we argue 
drastically reduces the number of identifiable connections.

Thus, the high conjoining rate obtained at Fumane sup-
ports our initial assumption that at least some SUs and areas 
of the archaeological excavation are well-preserved. SUs 
such as A2, A2R, A1, D6, D3d base, D3d, D3b alpha, and 
D3 + D6 all have conjoining rates higher than 10%, while 
other SUs exhibit quite low conjoining rates (see Table 2). 
For the non-conjoined fragments (84.4%), several factors 
may contribute to the lack of connections. Besides the afore-
mentioned natural and anthropogenic processes, other fac-
tors could include analyst errors, surface alterations, and 
high fracture rates, all of which reduce the success of con-
nection attempts. As shown in Table 4, however, Fumane 
stands out due to the high number of inter-SU connections 
identified (n = 116), which account for approximately 44% of 
the cases. This suggests that the numerous SUs documented 
during the archaeological excavations do not represent true 

stratigraphic divisions in the geological sense. Notably, 
when SUs A2, A2R, and A1 are considered as a single ana-
lytical unit based on the spatial analysis results (see the 
“Identifying the Best-Preserved Areas of the Excavation for 
Renewed Chrono-Cultural Studies” section), the intra-SU 
connections increase to approximately 72% (n = 188), align-
ing with the range observed at the other sites compared.

A2 stands out among the other SUs with the highest 
number of analyzed (n = 1526) and connected (n = 277) 
fragments, one of the highest conjoining rates (18.2%), and 
the highest percentage of intra-SU connections (67.9%). It 
also serves as the reference SU for the study of most of the 
inter-SU connections. A2 likely represents a period of more 
intense and frequent use of the cave, possibly due to multiple 
short-term occupational events (Marcazzan et al., 2022). A 
thorough investigation of A2 is therefore fundamental. After 
A2, A1 yielded the highest number of connected fragments 
(n = 83), nearly equally split between intra- (50.6%) and 
inter-SUs (49.4%).

Regarding inter-SU connections, A1 is also the SU most 
closely linked to A2. While A2R, D6, D3d base, D3d, D3b 
alpha, and D3 + D6 exhibit higher conjoining rates than A1, 
the overall number of connections is much lower. After A2 
and A1, D6 and D3d base yielded the highest number of con-
nections (33 and 28, respectively) and significant conjoining 
rates (15.6% and 17.7%, respectively). However, these SUs 
have the highest numbers of inter-SU connections with A2. 
A similar pattern is observed for A2R, where the number of 
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Table 3   Frequency of intra- and inter-SU connections, divided 
according to the distance classes by Cziesla (1990)

Cziesla’s class Intra-SU (%) Inter-SU (%)

Short 38 6.5
Medium 36 45.5
Long 18 22
Very long 8 26
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connections with A2 is three times greater than the intra-SU 
connections identified. The predominance of inter-SU over 
intra-SU connections in these SUs led us to exclude their 
lithic assemblages from further technological analysis.

On the other hand, D3b alpha is the only SU from the 
D sedimentary complex that yielded a high percentage of 
intra-SU connections (61.5%), along with additional techno-
logical refits, evidence of an anthropogenic feature, and on-
site knapping, albeit partly rearranged by post-depositional 
processes (De Stefani, 2003; Falcucci et al., 2020; Peretto 
et al., 2004). These observations, coupled with the low thick-
ness of the SU and its increased organic content, suggest its 
cultural content is worth investigating further to understand 
the development of the Aurignacian at the site, despite the 
low number of lithics recovered and its identification only 
in the western portion of the cave.

Recent studies on the micro- and macro-fauna have high-
lighted that the D3 complex accumulated during Heinrich 
Event 4 (López-García et al., 2015; Marín-Arroyo et al., 
2023), underscoring its archaeological importance in the 
debate surrounding the transition from the Protoaurignacian 
to the Early Aurignacian (Banks et al., 2013a). It is impor-
tant to note that the previous technological study merged the 
D3b alpha assemblage with that from D3d (Falcucci et al., 
2020). However, D3d contains only inter-SU connections 
and none with D3b alpha. Additionally, a recently dated 
bone with cut marks from D3d (Marín-Arroyo et al., 2023) 

has a 14C age of 36,100 ± 1400 years (OxA-41260), which 
is very close to the dates obtained from the underlying A2 
and A1 SUs and about 2000 years younger than the 14C age 
from D3b alpha (Higham et al., 2009). We are thus prompted 
to reject this past stratigraphic correlation.

To summarize, these results led us to focus exclusively 
on A2, A1, and D3b alpha for further spatial analyses. These 
analyses enabled us to identify specific areas within these 
SUs, based on their relatively good preservation, for con-
ducting new technological assessments.

Identifying the Best‑Preserved Areas 
of the Excavation for Renewed Chrono‑Cultural 
Studies

A2 is the most extensively excavated SU at Fumane, while 
A1 was excavated primarily in the cave exterior and near the 
drip line. In contrast, D3b alpha is confined to the western 
half of the cave (see SM Note S2). Interestingly, A1 yielded 
a relatively high number of connections compared to other 
SUs with similar areal coverage. When considering the spatial 
distribution of intra-SU connections within A2 and A1, as well 
as inter-SU connections between A2 and A1, a clear pattern of 
interrelation emerges. Intra-A1 short and medium connections 
are concentrated in a region with a low density of intra-A2 
connections, specifically in squares 52, 53, 62, 63, 72, and 73 
to the southeast (see Fig. 5). Moreover, this particular region is 
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linked by inter-A2/A1 connections to other areas characterized 
by high densities of material in A2 (see Fig. 6), such as the 
northeastern wall adjacent to Tunnel C (e.g., squares 115, 91, 
and 92) and a small central area of the cave below the drip line 
around feature S10 (e.g., squares 55, 56, 65, and 66).

Directional patterns are evident in both A2 and A1, as well 
as in the connections between them, with E-W very long con-
nections outside the cave and SW-NE very long connections 
inside the cave being common (Figs. 6 and 7a). These direc-
tional patterns are clearly illustrated in the Benn and Rose 
diagrams (see Fig. 8). All our samples exhibit a low degree 
of isotropy, indicating a minimal impact of chaotic processes 
typically associated with large-scale slope movements, such 
as creep, solifluction, mudslides, debris flows, and dry grain 
flows (Lenoble & Bertran, 2004). However, a certain degree 
of linearity is observed in the preferential orientation of sub-
sets of material, particularly in the long-distance connections 
within A1. While strong linearity could be associated with 
massive processes like solifluction or mudslides (Discamps 
et al., 2023), anisotropic patterns may also result from anthro-
pogenic activities. For example, trampling has been linked to 
clear orientation patterns in both cave and open-air sites, as 
well as in experimental settings (Benito-Calvo et al., 2011; 
Driscoll et al., 2016; Eren et al., 2010; Martini et al., 2021; 
Marwick et al., 2017; McBrearty et al., 1998; Miller et al., 
2010; Weitzel & Sánchez, 2021). The inter-SU connections 
between A2 and A1 exhibit a pattern that lies between the A2 
and A1 samples on the Benn diagram, trending towards the 
planar corner (Fig. 8). This pattern closely resembles that of 
the long A2 connections, which several studies have associ-
ated with undisturbed lithic assemblages (Discamps et al., 
2023, among others).

Despite the relatively frequent long and very long connec-
tions typically associated with heavily reworked sequences, 
the high rates of short and medium connections occurring in 
the same areas, along with the overall spatial pattern of intra-
A2, intra-A1, and inter-A2/A1 connections, suggest mini-
mal reworking by post-depositional processes. A cluster of 
medium and long A2/A1 connections is again observed just 
outside the cave (squares 55–75, 56–76; Fig. 12), a region 
also highlighted in Fig. 11 for its high density of short con-
nections in A2. Notably, several burned fragments were 
found in A2 around feature S10 in square 55, some of which 
connect with A1 in the same area or form long connections 
with a burned fragment in square 63, thus again linking the 
southeast with the area around S10 (see Fig. 9).

The significant degree of interrelation between A2 and 
A1 is further indicated by the relatively short absolute verti-
cal distances (ΔZ) among conjoined fragments. Most A2/A1 
connections fall within the medium and very long Cziesla’s 
categories. While the ranges of vertical distances in these 
length categories are broader than those observed in intra-
SU connections, the median values remain relatively low, 

around 0.10 m and 0.25 m, respectively (Fig. 7b). These 
values suggest limited vertical dispersion of material, even 
across SUs. Interestingly, similar vertical displacement val-
ues have been recorded and attributed to burrowing activi-
ties, as rodent burrows can cause vertical displacements of 
up to 30 cm (Bocek, 1986, 1992).

The combined evidence suggests that A2 and A1 should 
be interpreted as two facies of the same SU. This interpreta-
tion is well supported by the results of the spatial analysis, 
which indicates minimal influence from post-depositional 
processes in the displacement of broken blades. To further 
substantiate these findings through a quantitative compari-
son of the cultural content in the two SUs, we identified 
three areas of the excavation deemed suitable for renewed 
techno-typological investigations (SM Fig. S15a). These 
areas were selected primarily based on the short- to medium-
length connection conjoining rates and the overall sample 
of blade fragments (see Fig. 10b), which highlight these 
regions for their high conjoining rates. Interestingly, some 
of these square meters were also sampled by Falcucci et al. 
(2017) due to their high lithic densities.

The first area (A2int, internal) is located in the northeastern 
sector of the cave, encompassing seven square meters (i.e., 
squares 95, 100, 105, 110, 115, 120, 125). This area is also 
characterized by a cluster of burned fragments (see Fig. 9b) 
and several long connections. Notably, the sediments in this 
sector are compressed towards the eastern cave wall, suggest-
ing that post-depositional processes may have influenced the 
movement of lithics towards the cave interior. However, con-
sidering the connection patterns (Figs. 10b-11) and the dis-
tribution of thermal alterations (Fig. 9b), other factors likely 
played a role as well. For example, lithics discarded during 
different occupation events may have been routinely removed 
from the main dwelling area to clean the living floor (Bel 
et al., 2020). Trampling by both humans and animals might 
have also contributed (Marwick et al., 2017), along with dif-
ferential use of space (Romagnoli & Vaquero, 2019).

The second area (A2ext, external) includes and surrounds 
the feature S10, covering square meters 55, 56, 65, and 66. For 
spatial consistency, all lithics from A1 in squares 55, 56, 65, 
and 66 were also sampled, designated as the A1ext assem-
blage. We excluded square meters near feature S16 (e.g., 
square 77) from these selections because these regions, as per 
the SFR analysis, showed a higher frequency of broken blades 
compared to complete blades, making them less suitable for 
technological studies. It is noteworthy that this feature con-
tains charcoal dated to 34,180 ± 270 BP (OxA-19414), which 
is considerably younger than other charcoals from A2 (Higham 
et al., 2009), potentially indicating post-depositional processes 
or stratigraphic issues in this area, as also noted by Banks et al. 
(2013b). Interestingly, Marcazzan et al. (2022) defined S16 
as an occupation horizon characterized by several short and 
repeated occupations, rather than a hearth.
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The third area is in the southeastern portion of the excava-
tion (squares 62, 63, 72, and 73), where only material from 
A1 will be analyzed (A1east). This selection is based on the 
high number of intra-A1 connections and the high density of 
lithics in this region. This sampling strategy will allow us to 
explore the techno-typological variation between A2 and A1 
across the excavated area. We anticipate finding a significant 
degree of technological similarity between the sampled subsets 
on both inter- and intra-SU levels. Selecting different areas 
will also enable us to address the intra-site spatial variability, 
providing new data to initiate discussions surrounding possible 
differences in the activities conducted at Fumane during the 
formation of the Protoaurignacian sedimentary body.

Due to the limited sample size, we were unable to iden-
tify any area in D3b alpha suitable for technological analyses 
through the break connection program and spatial analyses. 
Nevertheless, we selected D3b alpha based on other archaeo-
logical evidence (e.g., limited thickness, presence of an anthro-
pogenic feature, evidence of on-site knapping, and additional 
technological refits, as previously described). It is important to 
reiterate that the D3b alpha dataset differs from the one pub-
lished by Falcucci et al. (2020) because this SU was previously 
correlated with D3d. We sampled D3b alpha across all square 
meters up to the line of squares in the 80 s (SM Fig. S15b). We 
excluded the thin SU, also named D3b alpha, from the inner-
most area of the cave, as this correlation could not be confirmed 
by either fieldwork evidence or our break connection study. 
Although the selection of D3b alpha is not fully supported by 
our spatial analysis, it is crucial for testing the hypothesis of 
cultural continuity of the Protoaurignacian in northeastern Italy.

Results: Part Two

Overview of the Lithic Assemblages and Intra‑Site 
Variation

Table 5 presents the frequencies of lithic artifacts in the 
sampled subsets, revealing that both A2 subsets yielded 
more lithics than the others. Notably, A2int stands out with 
the highest number of lithics, consistent with the density 

of materials found in the northeastern area of the cave. 
The variation in the distribution of different lithic classes 
among the assemblages is significant, with a higher pro-
portion of cores observed in A1east and D3b alpha, and a 
lower proportion of retouched tools in A2int. An examina-
tion of the typological list (Table 6) shows that retouched 
bladelets, which are characteristic of the Protoaurignacian 
at Fumane, are less common in A2int compared to A2ext, 
A1ext, and A1east. On the other hand, tools such as end-
scrapers and retouched flakes are more frequent in A2int. 
Variability is also evident in the distribution of blank 
types, as shown in SM Fig. S16. A2int contains fewer 
bladelets and a higher frequency of flakes.

Core reduction, encompassing the initialization phases 
to the production of desired blanks, was conducted in both 
areas of the cave. This is corroborated by the distribu-
tion of flakes, blades, and bladelets categorized accord-
ing to different phases of core reduction (refer to SM 
Figs. S17–19), as well as the presence of cortex on blanks 
and tools (Table 7). Both initialization and maintenance 
blanks are evenly distributed among the A2int, A2ext, 
A1ext, and A1east assemblages. D3b alpha, however, is 
characterized by a slightly higher proportion of initializa-
tion blanks. The higher frequency of initial cores (Table 8) 
in both A2int and A1east somewhat contrasts with these 
observations, possibly suggesting that the initial phases 
of core shaping were more frequently conducted in these 
areas.

Technological Variability 
between and within Stratigraphic Units

All lithic subsets are characterized by a high proportion of 
laminar blanks, particularly bladelets. The only exception 
is D3b alpha, where flakes are present in equal proportions 
to laminar blanks (see SM Fig. S16). SM Figure S20 shows 
that all subsets exhibit a linear distribution in the size of 
blades and bladelets, a pattern commonly associated with 
the production of both blades and bladelets from the same 
cores (Tsanova, 2008). Interestingly, we observed notable 
differences in the sizes of the produced blades and blade-
lets. Blades from the external areas of the cave in A1 and 
A2 are slightly narrower and thinner, though not shorter, 
compared to their counterparts in the internal (A2int) and 
eastern (A1east) areas (see SM Figs. S21–S23). Moreo-
ver, the morphological and technological features of the 
blades do not vary significantly across the assemblages. 
Scar patterns on blades are predominantly unidirectional 
and subparallel (see SM Table S1). Similarly, no signifi-
cant differences were identified in attributes such as blade 
twisting and curvature in profile view, cross-section shape, 
and external morphology (see SM Tables S2–S5). This 

Fig. 9   a Frequency distribution of thermal alterations (purple) 
recorded in our sample of connecting blade fragments; b Spatial dis-
tribution of thermal alterations (purple dots) in the intra-A2 subset 
of connecting blade fragments. Filled gray squares represent exca-
vated squares of A2. Gray dots indicate fragments with no thermal 
alterations; c Spatial distribution of thermal alterations (purple dots) 
in the inter-A2/A1 subset of connecting blade fragments. Filled gray 
squares represent excavated squares of A1. Light gray empty squares 
indicate excavated squares of A2. The features are drawn and labeled 
with “S” and their respective numbers. A recent study has provided 
additional information for S16, S17, and S18. S17 is identified as a 
“hearth with a change in clay color”, while S18 and S16 are classified 
as occupation horizons (Marcazzan et al., 2022)

◂
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uniformity also extends to the platforms of the blanks, 
which are mostly plain (see SM Table S6).

More pronounced differences were observed in the blade-
let assemblages compared to the previous study by Falcucci 
et al. (2020). Bladelets from D3b alpha are significantly 
smaller in all linear dimensions (SM Figs. S24–S26) and 
are also less elongated (SM Fig. S27). Conversely, blade-
lets from A1east are longer and wider compared to most of 
the assemblages. Although a similar pattern within A1 was 
partially noted by Falcucci et al. (2020), it is now evident 
that this size variation is specific to the eastern area of A1. 
Importantly, this variability is not related to the use of differ-
ent raw material types, as Maiolica remains the predominant 
raw material, and the longer bladelets are consistently made 
from this variety (SM Fig. S28).

The morphological and technological attributes recorded 
on bladelets exhibit minimal variability across the stud-
ied assemblages (SM Tables S7–S12). To better interpret 
these results and take advantage of the larger number of 

available complete bladelets, we conducted further inves-
tigation using MCA, focusing only on non-modified com-
plete bladelets. Seven categories were considered: elon-
gation, robustness, profile curvature, profile twisting, scar 
pattern organization, outline morphology, and distal end 
morphology. The first two dimensions of the MCA explain 
approximately 38% of the total variance (SM Fig. S29). 
Attributes related to the degree of convergence in outline 
morphologies and distal ends, as well as scar pattern direc-
tion, significantly contribute to the construction of the first 
two dimensions. This is also true for bladelets with low 
robustness and high elongation values (SM Fig. S30). The 
scatterplot in Fig. 13a illustrates that these attributes con-
tribute more to the first dimension of the MCA. The result-
ing ANOVA tests confirm that most of the variability is 
described by the first dimension (Fig. 13b), with bladelets 
from A1east being the most distinct among the studied 
assemblages. In contrast, bladelets from D3b alpha are not 
significantly different from those in A1ext and A2ext.

Fig. 10   a Areal distribution of observed blade fragments in A2 (O); 
areal distribution of expected complete blades in A2 (E); Stand-
ardized Fracture Ratio (SFR) of O/E in A2; b Areal distribution of 
observed short and medium blade fragment connections in A2 (O); 

areal distribution of expected complete blades in A2 (E); SFR of O/E 
in A2. Filled gray squares represent excavated squares of A2 devoid 
of finds. A very light gray is used in the background to mark the 
entire excavation grid
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Attributes recorded on the bladelets’ platforms suggest a 
possible shift in knapping techniques from A2–A1 to D3b 
alpha. The presence of less developed lips and a higher num-
ber of moderately formed bulbs might indicate the use of 
a different type of hammerstone or a change in knapping 
gesture. Additionally, there are more linear and punctiform 

platforms in D3b alpha, although the differences compared 
to the other assemblages are not statistically significant (SM 
Tables S13–S15). However, caution is needed in interpret-
ing this aspect, as variability between individual knappers 
is likely to be a significant confounding factor (e.g., Driscoll 
and García-Rojas, 2014; Roussel et al., 2009).

Fig. 11   Areal distribution of intra-A2 connecting fragments by Czie-
sla’s classes  (i.e., short, medium, long, and very long). The total 
number of connecting fragments in each square is color-scaled, with 
yellow squares indicating higher fragment densities and blue squares 

indicating lower densities. Filled gray squares show excavated 
squares of A2 devoid of finds. In the background, a very light gray is 
used to mark the whole excavation grid
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Fig. 12   Areal distribution of inter-A2/A1 connecting fragments by 
Cziesla (1990) classes (i.e., short, medium, long, and very long). The 
total number of connecting fragments in each square is color-scaled, 

with yellow-colored squares indicating higher densities of fragments, 
and blue-colored squares indicating lower densities. Light gray empty 
squares show excavated squares of A2

Table 5   Quantification of 
the assemblages based on the 
main lithic classes

Lithics classified as both cores and tools (e.g., carinated endscrapers) are included in the core list only. 
Artifacts below 1.5 cm in maximal dimensions are excluded from this table. Percentages are presented in 
brackets

Class A2int A2ext A1ext A1east D3b alpha

Angular debris 236 (5.7%) 204 (8.5%) 28 (3.7%) 59 (6.1%) 19 (4.8%)
Blank 3557 (86.3%) 1911 (80.0%) 599 (80.1%) 735 (75.8%) 313 (79.0%)
Core 25 (0.6%) 12 (0.5%) 2 (0.3%) 22 (2.3%) 10 (2.5%)
Tool 303 (7.4%) 263 (11.0%) 119 (15.9%) 154 (15.9%) 54 (13.6%)
Total 4121 2390 748 970 396



	 Journal of Paleolithic Archaeology             (2025) 8:2     2   Page 24 of 37

Insights from the Core Assemblage

The core assemblage is classified in Table 8. The total num-
ber of cores is not particularly high, especially in A1ext, 

where only two cores have been identified. Core shatters 
are well-represented in A2int and A2ext. Platform cores 
oriented along the longitudinal axis of the core blank are 
the most common category in A2int and A1east. In A2int, 

Table 6   General overview 
of the main tool categories 
recovered across the studied 
areas, with percentages reported 
in brackets

Undet. stands for Undetermined

Typology A2int A2ext A1ext A1east D3b alpha

Blade Aurignacian 0 (-) 0 (-) 0 (-) 1 (0.6%) 0 (-)
Blade pointed 3 (1.0%) 0 (-) 0 (-) 0 (-) 0 (-)
Blade retouched 41 (13.4%) 20 (7.6%) 7 (5.8%) 9 (5.8%) 3 (5.2%)
Bladelet retouched 175 (57.4%) 219 (83.0%) 103 (85.8%) 133 (85.3%) 34 (58.6%)
Burin multiple 2 (0.7%) 1 (0.4%) 2 (1.7%) 1 (0.6%) 0 (-)
Burin simple 12 (3.9%) 10 (3.8%) 4 (3.3%) 0 (-) 2 (3.4%)
Composite tool 9 (3.0%) 4 (1.5%) 1 (0.8%) 1 (0.6%) 0 (-)
Endscraper carinated 1 (0.3%) 0 (-) 0 (-) 0 (-) 3 (5.2%)
Endscraper simple 21 (6.9%) 2 (0.8%) 3 (2.5%) 4 (2.6%) 3 (5.2%)
Endscraper thick-nosed 0 (-) 0 (-) 0 (-) 0 (-) 1 (1.7%)
Flake retouched 24 (7.9%) 2 (0.8%) 0 (-) 5 (3.2%) 5 (8.6%)
Rabot 1 (0.3%) 1 (0.4%) 0 (-) 1 (0.6%) 0 (-)
Splintered piece 9 (3.0%) 1 (0.4%) 0 (-) 0 (-) 5 (8.6%)
Truncation 7 (2.3%) 2 (0.8%) 0 (-) 1 (0.6%) 2 (3.4%)
Undet. retouched tool 0 (-) 2 (0.8%) 0 (-) 0 (-) 0 (-)
Total 305 264 120 156 58

Table 7   Presence (Yes) and 
absence (No) of cortical 
remains in both blanks and tools 
across the studied assemblages

Percentages are provided in brackets

Blanks A2int A2ext A1ext A1east D3b alpha

 No 2894 (81.4%) 1591 (83.3%) 509 (85.0%) 588 (80.0%) 245 (78.3%)
 Yes 663 (18.6%) 320 (16.7%) 90 (15.0%) 147 (20.0%) 68 (21.7%)
Tools
 No 253 (83.5%) 248 (94.3%) 111 (93.3%) 147 (95.5%) 45 (83.3%)
 Yes 50 (16.5%) 15 (5.7%) 8 (6.7%) 7 (4.5%) 9 (16.7%)

Table 8   Technological 
classification of core types 
identified across the studied 
assemblages

The classification of laminar cores is based on Falcucci and Peresani (2018), who consider the location 
and orientation of the flaking surface in relation to the striking platform/s. The table also includes flake 
cores, tested raw materials, and core shatters. Percentages are given in brackets. One initial core in A2int 
is an initial carinated core. One narrow-sided core in A1ext and one in A1east can be further classified as a 
multiple burins

Classification A2int A2ext A1ext A1east D3b alpha

Initial 8 (32.0%) 1 (8.3%) 0 (-) 4 (18.2%) 2 (20.0%)
Carinated 1 (4.0%) 1 (8.3%) 0 (-) 1 (4.5%) 4 (40.0%)
Narrow-sided 4 (16.0%) 0 (-) 1 (50.0%) 2 (9.1%) 1 (10.0%)
Semicircumferential 1 (4.0%) 5 (41.7%) 1 (50.0%) 4 (18.2%) 1 (10.0%)
Wide-faced 1 (4.0%) 1 (8.3%) 0 (-) 1 (4.5%) 0 (-)
Multi-platform 3 (12.0%) 1 (8.3%) 0 (-) 4 (18.2%) 1 (10.0%)
Flake core 2 (8.0%) 0 (-) 0 (-) 4 (18.2%) 1 (10.0%)
Tested raw material 0 (-) 0 (-) 0 (-) 1 (4.5%) 0 (-)
Shatter 5 (20.0%) 3 (25.0%) 0 (-) 1 (4.5%) 0 (-)
Total 25 12 2 22 10
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most of the laminar cores display the flaking surface on the 
narrow side of the core blank, whereas semicircumferential 
cores are more frequently observed in A2ext, A1ext, and 
A1east.

The technological characteristics of the blade and bladelet 
cores at Fumane have been thoroughly described by Falcucci 
and Peresani (2018), who noted significant similarities in 
the reduction procedures applied across different core types. 
Similarly, Lombao et al. (2023) have shown that the techno-
logical and morphological classification of blade and blade-
let cores is often influenced by the intensity of core reduction 
(see also below). Regarding blank production, most cores 
display bladelet negatives (Table S16), with exclusive blade 

production only observed in A2int (n = 1) and D3b alpha 
(n = 1). Cores producing both blades and bladelets are more 
common in A1east, A2ext, and A2int, whereas only one core 
from D3b alpha shows both blade and bladelet negatives at 
discard.

The most significant difference in the core assemblage 
is the increased presence of carinated cores in D3b alpha 
(Fig. 14 and SM Fig. S31), a pattern linked to more inde-
pendent bladelet production at other Aurignacian sites (Fal-
cucci et al., 2024). SM Figure S32 demonstrates a strong 
correspondence between the lengths of the flaking surfaces 
on carinated cores and the lengths of complete blade-
lets in D3b alpha, further supporting the use of carinated 

Fig. 13   Results of the Multiple Correspondence Analysis (MCA). a 
Plot of the first two dimensions of the MCA performed on complete 
bladelets. The color ramp indicates the contribution (as a percentage) 
of the variable categories to the definition of the dimensions; b Multi-

comparison bootstrap ANOVA on the first (left) and second (right) 
dimensions. Error bars represent a 95% confidence interval from the 
mean. Contexts sharing the same letters do not exhibit statistically 
significant differences (p-value < 0.05)
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technology in this SU. Carinated cores from the A2 and A1 
subsets sum to a total of 4 items (SM Fig. S33), of which one 
is classified as initial carinated core due to the few removals 
visible aimed at shaping the flaking surface’s convexities.

Typological Variability 
between and within Stratigraphic Units

The most prevalent tools across the Aurignacian sequence at 
Fumane are retouched bladelets, with their proportions rang-
ing from 57 to 86% (Table 6). Notably, their frequency is 
reduced in both A2int and D3b alpha. While the diminished 
number of retouched bladelets in A2int may be attributed to 
different spatial usage during the formation of A2 (see the “On 
the Variability of the Selected Subsets and Future Research 
Directions” section), the decrease in D3b alpha aligns with 
findings from Falcucci et al. (2020). That study also observed 
an increase in the number of endscrapers towards the top of 
the Aurignacian sequence. In D3b alpha, carinated cores (see 

Fig. 14 and SM Fig. S31) can be further categorized into cari-
nated endscrapers (n = 3) and thick-nosed endscrapers (n = 1). 
Other diagnostic tools of the Aurignacian, such as Aurigna-
cian blades, are nearly absent, with just one example found 
in A1east. Burins, on the other hand, are present across all 
studied assemblages, especially in A2int and A2ext.

Regarding retouched bladelets, the size variations 
between the A2–A1 subsets and D3b alpha are consist-
ent with the blank analysis, showing that bladelets from 
D3b alpha are smaller in all linear dimensions. Conversely, 
retouched bladelets from A1east do not differ significantly 
from those in A2int, A2ext, and A1ext (SM Figs. S34–S35). 
Most bladelets were modified using marginal retouching, 
with variability in the application of alternate, direct, and 
inverse retouching techniques. While inverse retouching 
remains relatively consistent, the ratio between alternate 
and direct retouching varies considerably (SM Fig. S36). 
Notably, direct retouching is more common in D3b alpha, 
where it accounts for 50% of all retouched bladelets.

Fig. 14   Example of cores recovered from D3b alpha. Artifacts a, b, 
and f are carinated cores; a can be further classified as a thick-nosed 
endscraper, while b and f are carinated endscrapers; c is a semicir-
cumferential core with a few refitted blanks; d is an initial core from 
a small nodule; e is a flake core with unidirectional removals. a, b, e, 
and f are complemented by diacritic drawings that display the reduc-
tion phases (darker colors indicate earlier phases, while lighter colors 

represent later phases of blank removal). The direction of removals 
is shown by arrows, and the presumed order of removals is indi-
cated by numbers. The diacritic drawings of b and f are enlarged by 
1.5 times to enhance readability. Each artifact is accompanied by its 
ID, as listed in the dataset published in this paper and the 3D dataset 
published by Falcucci and Peresani (2023). The other carinated end-
scraper from D3b alpha is presented in SM Fig. S31
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Further Insights from the Raw Material Variability 
and Reduction Intensity Proxies

Several factors may explain the observed techno-typological 
variability across the studied assemblages. While chrono-
cultural shifts are a crucial aspect to consider (see the “The 
Development of the Aurignacian in Northeastern Italy and 
its Wider Implications” section), other factors are likely 
contributing to the identified differences. In some cases, 
the variation is more pronounced when considering spatial 
components rather than stratigraphic patterns. To further 
explore the potential roles of the use of space and mobility 
strategies, we analyzed raw material variability and applied 
two methods to quantify the reduction intensity of the ana-
lyzed subsets.

All assemblages are characterized by the use of high-qual-
ity cherts from the Maiolica, Scaglia Rossa, and Scaglia Varie-
gata formations, which were available within a 5 km radius of 
Fumane (Bertola, 2001; Delpiano et al., 2018). Maiolica is the 
most frequently used raw material type across blanks, tools, 
and cores (SM Tables S17–S20). In terms of blanks, Maiolica 
accounts for 90% in D3b alpha, while in other assemblages, 
it ranges between 67% (A2ext) and 77% (A1ext). This pro-
portion slightly decreases among the tools. When comparing 
retouched bladelets to other tools (e.g., endscrapers, burins, 
retouched flakes, and retouched blades), Maiolica is less com-
mon in retouched bladelets in A2ext, A1ext, A1east, and espe-
cially in D3b alpha. However, in A2int, retouched bladelets 
are predominantly made from Maiolica (see SM Table S18).

The SDI performed on laminar cores suggests that cores 
in D3b alpha are less reduced compared to other SUs. This 
trend is partially observed in A2int, although a more bal-
anced distribution pattern is evident (SM Fig. S37). For 
carinated cores, defining reduction intensity is more com-
plex due to their lower numbers in A2int–A1east. However, 
in D3b alpha, carinated cores seem to be more reduced 
compared to other platform cores within the same SU (SM 
Fig. S38). When combining SDI results with the ratios 
between the Minimum Number of Flaked Products (MNFPs) 
and the total number of cores, D3b alpha shows the lowest 

value, closely followed by A1east (Table 9). Additionally, 
the blanks-to-tools ratio based on MNFPs (Table 10) sug-
gests more intense tool manufacturing activity and/or dis-
card in the external area of the cave, with particularly low 
ratios when bladelets are separated from other tool blanks.

Osseous Tools and Personal Ornaments

In addition to lithics, the studied samples contain a varying 
number of osseous tools and personal ornaments. Osseous 
tools are generally scarce and completely absent in A1ext 
(Table 11). Awls and pointed tools made from bone were 
recovered in A2int and A2ext, while antler tools were found 
in A2int, A1east, and D3b alpha. In A2int, these antler 
tools can be broadly classified as points, although they lack 
diagnostic features to be further categorized as either split-
based or massive-based points (Doyon, 2020). An antler 
point found in A1east exhibits a fracture at its base, though 
it remains undetermined if this was intentional. D3b alpha 
contains a complete split-based point, discovered in square 
66, near a similar point found in D3b (Broglio & Dalm-
eri, 2005). The D3b split-based point was located in square 
65, adjacent to the first square meters where D3b alpha was 
identified. Owing to the strong similarity between the two 
points (Broglio & Dalmeri, 2005), this might indicate that 
D3b alpha extended, at least partially, towards the eastern 

Table 9   Minimum Number of Flaked Products (MNFPs) to cores 
ratios across the studied assemblages

The MNFP includes both blanks and tools

Assemblage MNFPs Cores MNFP-
to-Core-
Ratio

D3b alpha 202 10 20.2
A1east 450 22 20.45
A1ext 337 2 168.5
A2ext 1006 12 83.83
A2int 1832 25 73.28

Table 10   Ratios of blanks to tools, based on the Minimum Number 
of Flaked Products (MNFPs) only, across the studied assemblages

Assemblage Blanks Tools Blank-
to-Tool-
Ratio

D3b alpha 172 30 5.73
A1east 392 58 6.76
A1ext 294 43 6.68
A2ext 896 110 8.14
A2int 1702 130 13.1

Table 11   Bone and antler tools recovered across the investigated 
areas and stratigraphic units

The artifact classified as Point, probable is a mesial fragment

A2int A2ext A1ext A1east D3b alpha

Bone 1 3 - - -
 Awl 2
 Pointed tool 1 1
Antler 2 - - 1 1
 Point 1 1
 Point, probable 1
 Split-based point 1
Total 3 3 - 1 1
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side of the cave, though further spatial analyses and techno-
logical refits are needed to confirm this.

Regarding ornamental objects, Fumane is renowned for 
its abundance of marine and freshwater shells (Peresani 
et al., 2019a). The frequency of these shells is very low in 
all external SUs, never exceeding four artifacts (Table 12). 
In contrast, A2int contains a large sample of shells, repre-
senting various taxa. The most common are Homalopoma 
sanguineum, followed by Nassarius sp., Cyclope sp., and 
Clanculus sp. Finally, the only grooved deer incisor recov-
ered in the studied subsamples belongs to A1east.

Discussion: Part Two

On the Variability of the Selected Subsets 
and Future Research Directions

The renewed technological study of selected subsets from dif-
ferent excavation areas at Fumane offers a compelling illustra-
tion of the complexity of Pleistocene cave sites. The A2 and 
A1 subsets show overall consistency in the organization of the 
lithic technology but reveal notable variability in the frequency 
of specific blank classes and tools, especially those crucial for 
understanding core reduction procedures and curation strate-
gies. Our results show that all sampled excavation areas provide 
valuable insights into the spatial organization of the site during 
the formation of the Aurignacian palimpsest.

The lithic analysis largely confirms the prior technologi-
cal definition of the Protoaurignacian at Fumane (Falcucci, 
2018), offering new quantitative data to support findings 

on lithic technology and human behavior during the early 
Upper Paleolithic south of the Alps. Previous studies on the 
chrono-cultural development of the Aurignacian at Fumane 
tended to exclude the cave interior due to the increased post-
depositional processes observed in that area (Falcucci et al., 
2020). However, our results indicate that this area is cru-
cial for understanding site occupation patterns, particularly 
evident in the square meters identified through our spatial 
analysis. Although inter-SU connections were recorded in 
this area, the technological study suggests that the observed 
variability is not attributable to post-depositional processes 
involving significant artifact migration from underlying and 
overlying SUs.

This hypothesis is supported by the absence of lithics 
linked to the underlying Uluzzian and Mousterian SUs. For 
instance, the bipolar technique, commonly associated with 
the Uluzzian from SU A3 (Peresani et al., 2016), and flakes 
and cores linked to Mousterian Levallois technology (Pere-
sani, 2012), were not identified in our study. As an example, 
many of the flakes in A2int are associated with the initializa-
tion and maintenance of blade-bladelet cores. Similarly, the 
similarity in the morphometric and technological features of 
the bladelets from A2int and A2ext does not suggest signifi-
cant downward material movement from the D sedimentary 
body. It is worth noting that the D3b alpha lithic technology 
is oriented towards carinated technology, which is rarely 
used in A2int.

We hypothesize that the variability between the internal 
and external areas of the cave may result from some degree 
of organization of the living space, which persisted through-
out the deposition of the Protoaurignacian palimpsest. 
Considering all available data, it is conceivable that while 
core reduction may have occurred in both the internal and 
external areas of the cave, the variability in the frequency 
of blanks, tools, and cores, as well as reduction intensity 
patterns, suggests that Protoaurignacian foragers organized 
space according to different activities. This is particularly 
evident when considering the high prevalence of retouched 
bladelets in A2ext, indicating that tool retouching and the 
refurbishing of multi-component tools were more commonly 
conducted in the external area of the cave, as noted by Bro-
glio et al. (2005). Conversely, the higher number of flakes 
and endscrapers in the cave interior might indicate space 
used for activities such as hide working, as supported by the 
functional analyses by Aleo et al. (2021).

Our results highlight the importance of basing interpreta-
tions of site use strategies on the largest attainable excava-
tion surface to minimize information loss. At Fumane this is 
possible thanks to the extensive archaeological excavations 
that have covered a significant portion of the space likely 
occupied by foraging groups during the accumulation of the 
Protoaurignacian. We found no strong evidence supporting 
the hypothesis of recurrent disposal of knapping by-products 

Table 12   Symbolic artifacts recovered across the investigated areas 
and stratigraphic units 

Shells are sorted according to genus. The  Other  group include 
genera that are found only once (i.e.,  Cerithium,  Euspira,  Papil-
licardium,  Rissoa,  Trivia,  Clanculus,  Jujubinus, and a Gastro-
pod). Misc. stands for Miscellaneous

A2int A2ext A1ext A1east D3b alpha

Shells 98 3 4 3 1
 Bittium 5
 Clanculus 13
 Cyclope 16 1 3
 Glycymeris 2
 Homalopoma 35 1 1 1
 Nassarius 17 2
 Ocinebrina 2
 Phorcus 2
 Other 6 2
Misc. artifacts - - - 1 -
 Deer incisor 1
Total 98 3 4 4 1
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in the cave’s northeastern side. For instance, if this were the 
case, we would expect to find a higher proportion of blanks 
belonging to the initialization and maintenance phases in 
these areas compared to the cave exterior. Instead, blanks 
with cortical remains are evenly distributed between A2int 
and A2ext, and cores show similar reduction intensity dis-
tributions. Some displacement of lithics due to syn-deposi-
tional processes, such as trampling, remains a more plausible 
explanation (Broglio & Dalmeri, 2005), as suggested by the 
identified break connections.

The re-analysis of A1 is also significant. The lithic 
technology of both A1ext and A1east is distinctly Proto-
aurignacian, with the differences from the A2 subsamples 
not indicative of a cultural shift, consistent with the previ-
ous techno-typological study (Falcucci et al., 2020). The 
only notable difference—namely, the production of longer 
bladelets in A1east—may reflect a remarkable example of 
inter-knapper variability or spatially localized activities with 
minimal diachronic significance. These findings support the 
spatial analysis of the break connections and strongly sug-
gest that A2 and A1 should be considered part of the same 
Protoaurignacian palimpsest.

This preliminary discussion presents intriguing avenues 
for future research at the site. While the break connection 
study has helped assess the sequence’s integrity in selected 
excavation areas, future investigations could benefit from 
implementing technological refitting. This would enable 
further exploration of space organization during the A2–A1 
palimpsest’s formation and assess the degree of contempora-
neity between artifact accumulations in different cave areas 
(Romagnoli et al., 2018; Vaquero et al., 2019). Additionally, 
zooarchaeological investigations should consider this spatial 
variation to provide further evidence complementing lithic 
analysis results. Refitting broken bones could determine if 
lithic and bone connections exhibit different spatial distribu-
tions, contributing to a more comprehensive understanding 
of formation processes in relation to human, animal, and 
natural activities at the site (Vaquero et al., 2017). Further-
more, future radiocarbon assessments should test intra-site 
variability by sampling areas identified through the spatial 
analysis of break connections.

Overall, our study confirms that A2–A1 represents a pal-
impsest of recurrent and intense site occupation, unlikely to 
be subdivided further due to the lack of consistent spatial 
data across the excavation area. On the other hand, evidence 
of a short-term occupation can be identified in the thin SU 
D3b alpha. The low density of finds, coupled with the almost 
exclusive use of locally available raw materials, which were 
less reduced compared to the A2–A1 Protoaurignacian, 
suggests a shift in mobility strategies during D3b alpha’s 
formation.

It is intriguing that D3b alpha dates to the Heinrich Event 
4, detected at Fumane based on a shift to colder conditions 

and reduced vegetation cover (López-García et al., 2015), 
as well as by the dating of this SU itself. The zooarchaeo-
logical assessment by Marín-Arroyo et al. (2023) suggests 
that the foragers responsible for D3b alpha’s archaeologi-
cal material accumulation focused more on hunting mon-
tane-adapted animals, with a decrease in red deer presence. 
Combining the available data, it is plausible that D3b alpha 
records a reorganization of foraging mobility in the region, 
with increased residential mobility. This hypothesis aligns 
with Moreau et al. (2015), who proposed similar changes in 
mobility strategies for sub-contemporary Aurignacian sites 
in northeastern Mediterranean Europe.

The Development of the Aurignacian 
in Northeastern Italy and its Wider Implications

The intra-SU and spatial variability observed at Fumane opens 
new research avenues to better understand the site’s use dur-
ing the formation of the A2–A1 palimpsest. The diachronic 
analysis, instead, allows us to reject the hypothesis that the 
Protoaurignacian continued into the Early Aurignacian time-
frame in northeastern Italy (see Falcucci et al., 2020). While 
all studied subsets from SUs A2 and A1 are characterized by 
the production of slender and straight blanks often modified 
into Dufour sub-type Dufour bladelets (Demars & Laurent, 
1992), the differences identified in D3b alpha reflect a shift 
to the Early Aurignacian technological system.

This interpretation is consistent with technological and 
chronological data from other European sites (Barshay-Szmidt 
et al., 2018; Talamo et al., 2012; Wood et al., 2014). Techno-
logically, the Early Aurignacian is primarily associated with 
the production of short, non-twisted bladelets detached from 
wide-front carinated cores, a reduced emphasis on modifying 
bladelets through marginal retouching, and the independent 
production of robust blades (Dinnis et al., 2019; Teyssandier 
& Zilhão, 2018). These features, while not exclusive to the 
Early Aurignacian, represent behavioral tendencies within the 
broader and relatively homogeneous techno-typological sys-
tem that defines the Aurignacian technocomplex as a whole 
(Bataille et al., 2018; Falcucci et al., 2017).

A notable feature of the shift from the Protoaurignacian to 
the Early Aurignacian is the increased use of carinated tech-
nology, leading to a marked dissociation in the production 
of blades and bladelets. This technological shift is evident 
across Europe at stratified sites such as Le Piage (Bordes, 
2006), Isturitz (Normand, 2006), Labeko Koba (Arrizabal-
aga & Altuna, 2000), La Viña (Santamaría, 2012), and Les 
Cottés (Roussel et al., 2016), among others. At Fumane, 
the lithic evidence is further supported by the discovery of 
a split-based antler point in D3b alpha, a tool considered 
diagnostic of the Early Aurignacian (Doyon, 2020; Tejero & 
Grimaldi, 2015; Teyssandier & Zilhão, 2018). In this regard, 
Banks et al. (2013a) suggest that osseous tools are more 
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effective for identifying chrono-cultural changes because, 
unlike lithics, they are less influenced by variations in site 
use and function.

The Early Aurignacian of D3b alpha also exhibits spe-
cific features that differ from other Early Aurignacian assem-
blages described in the Aquitaine region (Bordes, 2006) and 
the Swabian Jura (Conard & Bolus, 2006). In terms of lithic 
technology, we did not identify the production of robust 
blades or the transport of blades modified by Aurignacian 
retouch, such as the so-called strangulated blades. However, 
this may be linked to the marked reliance on locally avail-
able high-quality raw materials at Fumane and different 
mobility strategies in the region.

The bladelets in D3b alpha frequently exhibit marginal 
retouching, which is uncommon for bladelets from other 
Early Aurignacian sites north of the Alps. When comparing 
the size and retouch positions of the D3b alpha bladelets 
with those from the underlying A2–A1 (see the “Typological 
Variability between and within Stratigraphic Units” section), 

it seems unlikely that the presence of retouched bladelets 
in D3b alpha can be attributed solely to stratigraphic mix-
ing or excavation errors. Our analyses indicate that the 
retouched bladelets in D3b alpha are notably smaller and 
are more frequently modified by direct retouching. To fur-
ther investigate this, we plotted all retouched bladelets from 
D3b alpha, categorizing them by retouch position. As shown 
in Fig. 15, there is no clear spatial clustering of retouched 
bladelets within this SU, nor is there a separation between 
bladelets with alternate or inverse retouch and those with 
direct retouch. Notably, retouched bladelets from D3b alpha 
were recovered from 14 different square meters, with many 
located near feature S15, as well as in proximity to the split-
based antler point and the carinated cores.

Despite this, we cannot entirely rule out the possibility 
that some retouched bladelets infiltrated into D3b alpha from 
the underlying Protoaurignacian SUs, particularly given 
the few conjoins identified between A2 and D3b alpha. 
However, it is noteworthy that several retouched bladelets 

Fig. 15   Spatial distribution 
of retouched bladelets in D3b 
alpha, categorized by retouch 
position. The figure also shows 
the locations of the split-based 
point, carinated cores, and 
feature S15. As discussed in 
the “Materials and Methods” 
section, we randomized the XY 
coordinates of the retouched 
bladelets within the sub-square 
meter grid. One carinated core 
is not plotted due to the absence 
of precise square meter data in 
the dataset, although it is known 
to originate from the area near 
S15. The red outline indicates 
the portion of D3b alpha 
sampled in our technological 
study (see also SM Fig. S15b). 
Representative photographs 
of the retouched bladelets are 
included, with tool IDs cor-
responding to those listed in 
the associated dataset
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were found below the drip line, where post-depositional 
processes had less impact compared to the cave interior. 
Furthermore, areas identified as susceptible to significant 
post-depositional disturbance, according to the SFR (see 
Fig. 10), do not contain more retouched bladelets than other 
square meters. For instance, square 77 contains only a sin-
gle retouched bladelet. These lines of evidence suggest that 
post-depositional processes and excavation errors may not 
fully account for the presence of retouched bladelets in D3b 
alpha. This supports our hypothesis that the lateral modifi-
cation of bladelets, particularly through direct retouch, was 
part of the technological behavior of the foraging groups 
responsible for the formation of the D3b alpha assemblage, 
although it was less commonly used compared to the preced-
ing Protoaurignacian.

The modification of bladelets by marginal retouching 
might be a defining characteristic of the first Early Aurigna-
cian in Italy. For example, at Castelcivita in southern Italy, 
Falcucci et al. (2024) identified a rapid shift from the Proto-
aurignacian to the Early Aurignacian just before the Campa-
nian Ignimbrite super-eruption. This shift is marked by the 
use of carinated technology, which is associated with the fre-
quent modification of miniaturized bladelets through direct 
bilateral retouching, a pattern also observed at Fumane. It is 
however worth noting that later Early Aurignacian sites in 
Italy, such as Riparo Mochi (Laplace, 1977) and Grotta della 
Cala (Benini et al., 1997), are characterized by a significant 
decrease in the proportion of retouched bladelets, possibly 
indicating internal chronological variation within the Early 
Aurignacian that merits further investigation.

The differences observed between the Italian Early Aurig-
nacian and sites north of the Alps cannot be attributed to 
the cultural isolation of foraging groups in Italy. This is evi-
denced by data on the circulation of raw materials, which 
were collected in central Italy and southeastern France and 
transported over several hundred kilometers along the Tyr-
rhenian coastline (Grimaldi et al., 2014; Riel-Salvatore & 
Negrino, 2018b). Additionally, evidence of contact through-
out the Aurignacian period between regions northeast and 
south of the Alps is supported by finds such as Mediter-
ranean shells recovered in Lower Austria (Strobl & Ober-
maier, 1909). Interestingly, the existence of regional social 
networks among European foraging groups has been identi-
fied through the use of personal ornaments made from vari-
ous raw materials (Vanhaeren & d'Errico, 2006). This aspect 
warrants further investigation using isolation-by-distance 
models, as recently applied to the Gravettian (Baker et al., 
2024).

The hypothesis of a marked continuity of the Protoaurig-
nacian technological system in northern Italy now primarily 
rests on evidence from the site of Riparo Bombrini. Accord-
ing to Riel-Salvatore and Negrino (2018a), the Protoaurigna-
cian at Bombrini spans from approximately 41 to 36 ka cal 

BP. However, the available radiocarbon dates (Benazzi 
et al., 2015) have recently been scrutinized by Frouin et al. 
(2022), who noted that the two dated bone samples from 
the Protoaurignacian SUs A2 and A1 had low collagen con-
tent and might be contaminated, as indicated by high C:N 
ratios (see also Zilhão et al., 2024). The data from Bombrini 
also contrast with the nearby site of Mochi, where the Pro-
toaurignacian is significantly older and is followed by an 
Early Aurignacian component (Tejero & Grimaldi, 2015). 
However, Mochi cannot currently be considered a key site 
for understanding the development of the Aurignacian in 
northwestern Italy. This is because the thick Aurignacian 
deposit, which spans approximately 1.5 m, has yet to be 
analyzed through a technological lens, particularly the thick 
SU F (Laplace, 1977). Moreover, Bayesian models by Douka 
et al. (2012) and Frouin et al. (2022) suggest that there may 
be some chronological subdivision within SUs G and F (e.g., 
G51) that have yet to be fully understood.

Conclusions

In this study, our primary focus was to evaluate the integrity 
of the Aurignacian assemblages at Fumane Cave in north-
eastern Italy. Our aim was to establish a robust framework 
for conducting new high-resolution studies of chrono-cul-
tural variability at both the site and regional levels, while 
also identifying areas for future examination to better under-
stand intra-site variability in the use of space by early Homo 
sapiens foraging groups in northeastern Italy. Central to our 
methodology was the implementation of a meticulous exper-
imental protocol aimed at identifying break connections 
between blade fragments. This protocol, which has proven 
reliable and highly effective in our case study, offers promis-
ing applications for other key sites. By employing this sys-
tematic approach, researchers can identify excavation areas 
prone to integrity issues which might bias chrono-cultural 
studies, especially in the complex formation processes of 
karstic cave sites.

At Fumane, we demonstrated the overall integrity of the 
Protoaurignacian stratigraphic units A2 and A1, which have 
been instrumental in shaping our understanding of the Euro-
pean Protoaurignacian over the years. Likewise, post-deposi-
tional processes appear to have minimally impacted the dis-
placement of lithic artifacts across the stratigraphic sequence, 
with vertical displacement being negligible in most cases. 
However, our analysis revealed a clear interrelation between 
A2 and A1, as for example illustrated by the high number of 
short and medium conjoining links connecting the two strati-
graphic units. Based on these observation and the results of the 
technological study, we argue that A2 and A1 should be con-
sidered a single analytical unit when investigating the Protoau-
rignacian at the site, as previously proposed by Falcucci et al. 
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(2017). The Protoaurignacian palimpsest does likely includes 
A2R, excavated in the innermost area of the cave, which was 
frequently intertwined with A2 as per the field observations. 
However, we excluded A2R from our technological analysis 
because it did not meet our criteria for integrity.

Furthermore, the technological study of the subsets from 
A2 and A1 revealed that the variability observed between 
different areas of A2, as well as in the eastern portion of A1, 
likely reflects the spatial organization of activities as well 
as knapper-related variability during the formation of the 
Protoaurignacian sedimentary body. This suggests that (1) 
restricting analysis solely to the cave exterior may not cap-
ture the full extent of human activities at the site, and (2) the 
confounding effects of spatial organization and individual 
knapping variability should be considered when discussing 
cultural variability at Fumane and other Paleolithic sites.

Regarding the upper part of the Aurignacian sequence, 
our break connection search and subsequent spatial analysis 
did not definitively demonstrate the integrity of the lithic 
assemblages, as many SUs described during excavation con-
tain a high frequency of inter-stratigraphic connections. Only 
the thin stratigraphic unit D3b alpha, dated to the timeframe 
of Heinrich Event 4, could be reliably used to detect chrono-
cultural changes in the Aurignacian sequence of Fumane. 
Our examination of D3b alpha led us to reject the hypothesis 
of chrono-cultural continuity of the Protoaurignacian at the 
site, reassigning it to the Early Aurignacian, while dismiss-
ing a previous correlation with D3d. However, it should be 
noted that the occupation intensity at the site was low during 
the formation of the D3 complex, and numerical differences 
between the compared assemblages warrant caution.

The new techno-typological study of the Early Aurigna-
cian from D3b alpha aligns the sequence of Fumane with the 
broader pan-European understanding of the early develop-
ment of the Upper Paleolithic, while highlighting certain 
variability that suggests regional differences across the wide 
geographical range of the Aurignacian. The most notable 
difference is the use of marginal retouching to modify the 
morphology of bladelets, which however appears less com-
mon than in the underlying Protoaurignacian from A2–A1. 
While we cannot rule out the possibility that some bladelets 
result from minor mixing between D3b alpha and the Pro-
toaurignacian sedimentary body below, several technologi-
cal and typological features of these bladelets support the 
use of marginal retouching to modify bladelets in the Early 
Aurignacian at Fumane.

Overall, this study highlights the challenges of using the 
layers defined during archaeological fieldwork as analytical 
units for identifying cultural changes and modeling chrono-
logical boundaries at multi-stratified sites. We have dem-
onstrated that some of these units lack clear stratigraphic 
value. Future studies at the site should approach A2 and 
A1 not as chronologically distinct stratigraphic units but as 

components of a palimpsest formed by multiple occupations 
and activities that are complex to disentangle. Similarly, the 
numerous inter-stratigraphic connections between A2–A1 
and the overlying SUs from the D-complex underscore the 
expected stratigraphic fuzziness of cave sites. This fuzzi-
ness results from syn- and post-depositional disturbances 
and localized excavation errors, especially in the absence of 
sterile layers between successive human occupations. This 
issue is not unique to Fumane but is common across many 
cave sites. Thus, this study serves as a critical reference for 
prompting renewed chronological and techno-typological 
reassessments at numerous Pleistocene stratified sites.
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