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A B S T R A C T   

This paper investigates core reduction intensity in the early Protoaurignacian lithic assemblage from Fumane 
Cave in northeastern Italy. Reduction intensity serves as a key tool to characterize blank selection strategies, raw 
material management, and the variability of knapping strategies throughout the reduction sequence by recon-
structing the operatory field of core assemblages. Finally, it also aids in addressing the relationship between 
blades and bladelets, providing valuable insights into the behavioral and chrono-cultural significance of laminar 
productions within the Aurignacian technocomplex. To achieve these research goals, experimental work 
employing 3D scanning technology was conducted. This facilitated the comparison of different methods and 
variables for measuring reduction intensity, including the percentage of non-cortical surface, the Scar Density 
Index (SDI), and a novel adaptation of the Volumetric Reconstruction Method (VRM). Results demonstrate the 
effectiveness and potential of adapting the VRM for the study of reduction intensity in Upper Paleolithic laminar 
cores, and the provided R scripts and datasets will enable this method to be applied to other contexts with 
minimal need for modification to the workflow. Analysis of reduction intensity measures applied to the Proto-
aurignacian assemblage from Fumane Cave reveals slight variations based on factors such as the abundance and 
proximity of selected raw materials for blank production. Notably, the most prevalent raw material variety, the 
Maiolica, yields a higher number of less reduced cores, while reduction levels across all cores discarded at the site 
remain relatively high. The observed variability in the operatory field and the interrelation between blade and 
bladelet productions underscore the complexity and flexibility of Protoaurignacian behavior. This inherent 
complexity challenges any definitive separation between the operatory fields of blade and bladelet productions. 
These findings are particularly important to emphasize the importance of considering reduction intensity when 
examining technological variability and human behavior in Aurignacian studies. The proposed adaptation of the 
VRM and the effective combination with other measures of reduction, promises to allow future research to 
incorporate reduction intensity as a vital temporal component within studies on stone tool production. This 
integration offers a pathway to enhancing our understanding of the adaptive behaviors exhibited by Homo sapiens 
across diverse ecological settings and provides a clearer framework for better framing the development of the 
Upper Paleolithic.   
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1. Introduction 

1.1. Foreword, definition, and geography 

The Aurignacian is essential to the discussion surrounding the 
development of the Upper Paleolithic and the associated dispersal of 
modern humans across Europe. A growing body of data suggests that 
this biocultural process was the result of multiple migrations, some of 
which might have been very old and less successful (Benazzi et al., 2011; 
Harvati et al., 2019; Hublin et al., 2020; Slimak et al., 2022). By 42 
thousand years ago, however, Aurignacian assemblages are found all 
along the Mediterranean basin and Central Europe, making this tech-
nocomplex the most solid archaeological evidence for the definitive 
spread of Homo sapiens populations (Benazzi et al., 2011, 2015; Davies, 
2007; Frouin et al., 2022; Higham et al., 2014; Hoffecker, 2009; Hublin, 
2015; Mellars, 2006; Teyssandier et al., 2010; Wood et al., 2014). The 
association between Aurignacian assemblages and Homo sapiens remains 
is solid (Dujardin, 2001; Verna et al., 2012). Most of the findings relate 
to teeth (Bailey et al., 2009), among which two incisors recovered at 
Bombrini Shelter and Fumane Cave stand out for having been found in 
the lowermost Protoaurignacian units (Benazzi et al., 2015). 

The earliest manifestations of the Aurignacian are statistically con-
strained between 44 and 42 ky cal BP and are mainly concentrated along 
Mediterranean Europe and the Danube Basin (Barshay-Szmidt et al., 
2013, 2018; Conard and Bolus, 2003, 2008; Davis and Hedges, 2008; 
Douka et al., 2012; Falcucci et al., 2017; Falcucci and Peresani, 2018; 
Haws et al., 2020; Higham et al., 2012; Marciani et al., 2020; Nigst et al., 
2014; Szmidt et al., 2010; Teyssandier and Zilhão, 2018; Valdes and 
Bischoff, 1989; Villaverde et al., 2021; Wood et al., 2014). The seem-
ingly marked differences in the material culture between these two 
macro-regions and the very old radiocarbon dates obtained in the 
Swabian Jura (southwestern Germany), led a few authors to suggest that 
modern humans might have followed different cultural trajectories 
during their expansion across Europe (Conard and Bolus, 2006; Davies, 
2007; Higham et al., 2012) contra (Chu, 2018; Zilhão and D’Errico, 
2003). 

Since the discovery of the eponymous site, Abri d’Aurignac, by 
Édouard Lartet in the middle of the 19th century (see Bon, 2002a), the 
Aurignacian has been the subject of an increasing number of studies 
(Bon, 2002a; de Sonneville-Bordes, 1960, 1983; Delporte, 1991; 
Demars, 1992; Peyrony, 1933). These studies have allowed scholars to 
propose a chrono-cultural division of the technocomplex into four main 
phases (see Bordes, 2005; Teyssandier and Zilhão, 2018). The first two 
phases (i.e., the Protoaurignacian and the Early Aurignacian) have 
received most of the attention (Bon et al., 2010; Teyssandier et al., 
2010), mainly due to the debate surrounding the arrival of modern 
humans in Europe and the associated behavioral adaptations, reflected 
also by an increase in the use of ornamental objects made from seashells, 
bone and antler tools, as well as mineral pigments (d’Errico et al., 2012; 
Stiner, 1999; Vanhaeren and D’Errico, 2006), among other behavioral 
traits. 

1.2. Lithic reduction patterns of reference 

The Aurignacian has been divided mainly based on techno- 
typological criteria. Recent assessments have focused on the techno-
logical features of blade and bladelet productions. Among them, the 
most discussed elements are core preparation and maintenance, the 
independence or continuity in the production of blades and bladelets, 
and the further modification of these blanks through retouching (Bon 
et al., 2010; Teyssandier and Zilhão, 2018). In this framework, the 
Protoaurignacian is traditionally identified by evidence to produce 
blades and bladelets within a continuous reduction sequence, as 
opposed to the Early Aurignacian, where blade and bladelet productions 
involve independent core reduction sequences. In the Protoaurignacian, 
thus, there would be a less marked anticipation of different needs, with 

products mainly devoted to domestic and hunting activities being pro-
duced in the same timeframe (Bon, 2002b, 2005, 2006; Bon and Bodu, 
2002). Blades, in particular, would be obtained in the early stages of 
core reduction, an observation supported by the near absence of blade 
cores in most Protoaurignacian assemblages, as well as the morpho-
logical affinity and dimensional continuity across laminar blanks 
(Arrizabalaga and Altuna, 2000; Bon, 2002b; Maillo-Fernández, 2005; 
Santamaría, 2012; Teyssandier, 2007; Tsanova et al., 2012). 

In the early stages of the Aurignacian, core technology exhibits a 
wide range of knapping strategies and a certain flexibility in the prep-
aration phases, which however are not as standardized as in following 
stages of the Upper Paleolithic (e.g., the Gravettian: (Otte, 2013) and 
references therein). Interestingly, Early Aurignacian blade cores in 
Aquitaine and the Swabian Jura are frequently characterized by plat-
form faceting; a technical solution aimed at extracting robust blades. 
Faceting is instead virtually absent in the Protoaurignacian, with little 
evidence towards its later stages (e.g., Falcucci et al., 2020). However, 
the most defining difference between Proto- and Early Aurignacian as-
semblages is represented by the high frequency in the use of carinated 
technology in the latter (Dinnis et al., 2019; Teyssandier and Zilhão, 
2018). On the other hand, the presence and importance of carinated 
cores in the Protoaurignacian is a rather debated topic, which has 
sparked an intense debate among scholars regarding the meaning and 
validity of this chrono-cultural framework and its applicability to a vast 
geographic region (Bataille et al., 2020; Dinnis et al., 2019). 

In this regard, neither the nature of these phases (i.e., cultural or 
functional; see discussion in Tafelmaier (2017)), nor the characteristics 
that define each subphase within the Aurignacian macro-group are free 
from controversy (Bataille, 2017). In some Protoaurignacian sites, such 
as at Fumane Cave, the linear continuity in the production of blades and 
bladelets within the same reduction sequence has been questioned in its 
most orthodox definition (Falcucci et al., 2017; Falcucci and Peresani, 
2018). The existence of two independent production systems seems in 
fact to be quite common and widespread across regions. This is, for 
instance, the case at Mochi and Bombrini in northwestern Italy (Bertola 
et al., 2013; Douka et al., 2012; Riel-Salvatore and Negrino, 2018), La 
Viña, Labeko Koba, and Isturitz in Cantabrian Spain (Normand et al., 
2008; Santamaría, 2012; Tafelmaier, 2017), as well as in the western 
margins of the Mediterranean Basin, such as at Arbreda (Ortega-Cobos 
et al., 2005). This combined evidence led some authors to argue that the 
independence of blade and bladelet productions is not the most reliable 
proxy to discuss the cultural variation within the Aurignacian tech-
nocomplex (Bataille, 2017; Falcucci et al., 2017; Tafelmaier, 2017). 

It has been for instance argued that a few cores discarded at sites such 
as Arbreda, La Viña, and Fumane show clear evidence of exclusive blade 
production (Bertola et al., 2013; Falcucci et al., 2017; Falcucci and 
Peresani, 2018; Ortega-Cobos et al., 2005; Santamaría, 2012), and that 
blades and/or blade cores might have been exported from the site 
following differential strategies in relation to human mobility (Tafel-
maier, 2017). Furthermore, the morphological affinities between blades 
and bladelets may not necessarily represent a continuity in the reduction 
sequence. Both production systems can share similar knapping strate-
gies, operatory fields, and similar technical solutions, thus resulting in 
similar products. In this regard, Falcucci et al. (2022) statistically 
quantified the marked similarity between blades and bladelets using a 
three-dimensional geometric morphometric approach. The authors 
noticed that most of the differences, linked to the allometric variation of 
blanks, are related to the use of specific maintenance and initialization 
operations carried out on bladelet cores, by means of the extraction of 
wide and often plunging blades, and the progressive extraction of blanks 
with convergent edges as production moved towards more advanced 
stages of reduction. It should be also noticed that the dimensional con-
tinuity identified at Fumane between blades and bladelets does not seem 
to be a very reliable argument to discuss dimensional continuity since 
blanks can be obtained from cores with quite different sizes (Falcucci 
et al., 2017). Finally, the continuity in the dimensions of blades and 

D. Lombao et al.                                                                                                                                                                                                                                



Journal of Archaeological Science 160 (2023) 105889

3

bladelets could be well affected by factors such as the differential 
transport of products and raw materials in the complex framework of 
mobility strategies adopted by foraging groups, calling for more dis-
cussions on a case-by-case basis (Tafelmaier, 2017). 

Despite the magnitude of this debate, we have identified two factors 
that clearly limit our understanding of the Protoaurignacian. First, 
extensive lithic refitting programs have not been carried out to empiri-
cally confirm or reject the existence of a systematic transfer between the 
production of blades and bladelets. Isolated examples exist, such as for 
instance a partially refitted blade core recovered in the earliest Proto-
aurignacian unit at Fumane Cave (Falcucci et al., 2017), although results 
cannot be generalized. Second, although to date the reduction intensity 
has been considered as an influencing factor in a certain qualitative way, 
based mainly on the degree of exhaustion of the cores, this issue has not 
been addressed by measuring the reduction intensity from a quantitative 
standpoint, thus amenable to statistical testing. We argue that quanti-
fying the reduction intensity of an assemblage can provide key infor-
mation about critical aspects of human behavior and assemblage 
formation processes (see Schiffer, 1987). 

1.3. A critical review of reduction intensity studies and research objectives 

Reduction intensity is a pivotal element for studying the adaptation 
of humans group to their environment, such as in terms of management 
of raw materials in relation to availability, abundance, and proximity of 
resources, as well as for understanding the different strategies for their 
acquisition, transport, use, and discard (e.g., Andrefsky, 1994; Blades, 
2003; Carr and Bradbury, 2011; Kuhn, 1991; Lombao et al., 2023b; 
Morales, 2016; Nelson, 1991; Rolland and Dibble, 1990; Shott and Sil-
litoe, 2005, 2004). Furthermore, reduction intensity is a crucial element 
for parsimoniously exploring technological variability. A few authors 
have already stressed how a typological approach to core classification 
does not allow exploration of knapping strategies and their relationship 
with each other within a solid diachronic component, which is at the 
base of each reductive activity (e.g., Dibble, 1995a; Lombao, 2021; 
Lombao et al., 2023b; Rabuñal, 2016). A well-framed diachronic 
approach would allow for a more efficient and reliable reconstruction of 
the operatory field of human groups, that is, the set of technical stra-
tegies and decisions involved in the process of stone tool production 
(Guilbaud, 1993, 1995). 

Taking these aspects into account, we emphasize that reduction in-
tensity is crucial for more parsimoniously addressing Protoaurignacian 
technological behavior, and researchers need to make additional efforts 
to explore these aspects. The main challenge that we face is related to 
the fact that no studies specifically tackle reduction intensity in blade 
and bladelet cores. This is a major research gap if contrasted with the 
proliferation of methods aimed at quantifying the reduction of blanks 
obtained through laminar knapping strategies. A notable example is a 
study on the reduction of backed blades (Muller et al., 2018), among 
several others (e.g., Bustos-Pérez and Baena, 2019; Eren et al., 2005; 
Eren and Sampson, 2009; Kuhn, 1990; Morales et al., 2015). On the 
other hand, quite a few “generalists” methods oriented at measuring 
core reduction intensity exist. They tend to cover a wide range of 
knapping methods using technological proxies that correlate with 
reduction intensity, such as the Scar Density Index (SDI) developed by 
Clarkson (2013). Other methods are instead oriented toward the volu-
metric reconstruction of the original raw material nodules (Douglass 
et al., 2018; Lombao et al., 2020). 

In the specific case of Protoaurignacian blade and bladelet technol-
ogies, the method proposed by Douglass et al. (2018) has some limita-
tions that hinder its successful application. For example, the number of 
flaking surfaces cannot be easily determined in semi-tournant cores, as a 
clear-cut limit between flaking surfaces is difficult to determine, which 
could also affect the inter-rater replicability of analytical observations. 
For the same reason, it is also challenging to quantify the number of 
convergences between flaking surfaces. As for the Volumetric 

Reconstruction Method (VRM) (Lombao et al., 2020), its original 
application was not aimed at quantifying reduction intensity in laminar 
technological systems of the Upper Paleolithic, but it rather focused on 
less standardized technologies typical of the Lower Paleolithic (Cue-
va-Temprana et al., 2022; Lombao et al., 2023c). Moreover, its appli-
cation was centered on cobbles with ellipsoidal morphologies, thus 
excluding those raw materials characterized by irregular morphologies, 
such as blocks and chunks. The VRM has proven to be a highly effective 
method that allows to quantify reduction intensity not only on an entire 
assemblage, but also on a case-by-case level. Moreover, the method 
derives its data from a combination of 3D model analysis of cores and 
metric measurements of the entirety of the blank assemblage associated 
with these cores, thus greatly increasing the statistical reliability of the 
observations. 

To overcome the existing limitations of the VRM, here, we develop 
an adaptation of the approach focused on the quantification of reduction 
intensity, understood as the percentage of extracted core volume, across 
unidirectional blade and bladelets cores. We will first conduct an 
experimental evaluation of different reduction intensity methods and 
variables, such as the percentage of non-cortical surface, the SDI, the 
here proposed methodological adaptation of the VRM, and other aspects 
such as the number of flaking surfaces and striking platforms, as well as 
the mean knapping angles. This evaluation will allow us to assess the 
performance of the VRM and discriminate the most appropriate com-
bination of methods for studying reduction intensity in blade and bla-
delets cores. Subsequently, we will quantify reduction intensity in one of 
the most important Protoaurignacian assemblages, Fumane Cave in 
northeastern Italy (Bartolomei et al., 1992), using a recently published 
open-access repository of 3D meshes of core types (Falcucci and Pere-
sani, 2023) and the technological dataset from Falcucci et al. (2017). 

Our main goals are: 1) to characterize blank selection strategies and 
raw material management; 2) to study the variability of reduction 
strategies throughout the reduction process, thus aiming at recon-
structing the operatory field of the core assemblage and, 3) to address 
the issue of the independence or continuity of blade and bladelet pro-
ductions to help clarifying the behavioral and chrono-cultural meaning 
of this technological feature. Overall, we will assess the reduction in-
tensity of all cores involved in the production of blades and bladelets to 
provide new insights into the technological behavior of Proto-
aurignacian foragers settled in the region. 

2. Materials and methods 

2.1. The experimental protocol 

To test the applicability of the VRM to our case study, we designed an 
experimental protocol involving the reduction of laminar cores starting 
from nodules (both complete and fragmented) and slabs. The prior VRM 
experiment dealt with cores and tools on cobbles reduced using reduc-
tion procedures typical of Lower Paleolithic assemblages, which cannot 
be equated to the Upper Paleolithic. The knapping experiment was 
performed using chert from the Western Lessini Plateau (Venetian Pre-
alps, Italy) and belonging to the Maiolica and Scaglia Variegata car-
bonate formations (Bertola, 2001). Although we did not deliberately aim 
for specific morphologies or sizes, we selected a sample representative of 
the raw material variability described in previous petrological analyses 
and technological investigations at the site of Fumane Cave (Bertola, 
2001; Falcucci et al., 2017). A total of eight knapping sequences were 
carried out using six raw material core blanks, weighing from 220 to 
1080 g and with different percentages of cortex coverage. A big-sized 
nodule was in fact broken into more chunks in the early stages of its 
reduction and the two largest detached pieces were also used as core 
blanks for laminar production (see more information in Supporting In-
formation S1). 

We digitally recorded the progressive exhaustion of cores using an 
Artec Space Spider 3D scanner (Artec Inc., Luxembourg) following the 
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protocol described in Göldner et al. (2022). Each core was scanned and 
weighted with a digital scale prior to the beginning of the knapping and 
at different stages of blank production until the core’s discard. 
Depending on the initial size of the core and the progression of the 
knapping, a minimum of four to a maximum of ten scans were per-
formed, thus digitizing a total of 50 cores. We scanned the cores after 
each set of blank extraction along the flaking surfaces. Furthermore, we 
also recorded maintenance operations that resulted in the extraction of a 
significant portion of the cores’ volume, even when this involved the 
removal of a single large blank. This approach allowed us to have an 
accurate snapshot of each relevant knapping stage, accounting thus for a 
significant spectrum of the variability identifiable on an archaeological 
level and involving complex formation processes linked to site-use 
strategies (Barton and Riel-Salvatore, 2014). This experimental proto-
col was also ideal to test the VRM in a diachronic perspective; an aspect 
of uttermost relevance when dealing with core technologies involving a 
progressive volume depletion along one major volumetric axis. 3D 
meshes of these experimental cores can be downloaded in the research 
compendium to this paper (Lombao et al., 2023a). 

2.2. The archaeological dataset and the raw material variability 

The archaeological assemblage analyzed in this study comes from the 
earliest Protoaurignacian units excavated at Fumane Cave in the Vene-
tian Prealps (Fig. 1). This site is a reference sequence for the Middle and 
early Upper Paleolithic in northeastern Italy and systematic excavations 
have been carried out since the eighties by the University of Ferrara 
(Peresani, 2022). Here we consider the Protoaurignacian layers A2 and 
A1 as a single assemblage, based on several archaeological and chro-
nological lines of evidence (see discussion in Falcucci et al., 2017). The 
Protoaurignacian in A2–A1 dates to 41.2–40.4 ky cal BP (Benazzi et al., 

2015; Higham et al., 2009) and contains one of the earliest evidence for 
the replacements of Neanderthals by Homo sapiens in Europe (Benazzi 
et al., 2015). This lithic assemblage has been the object of several 
techno-typological and functional studies (Aleo et al., 2021; Bertola 
et al., 2013; Falcucci et al., 2017, 2020; Falcucci and Peresani, 2018). 

The core classification used in this study has been proposed by Fal-
cucci and Peresani (2018), who mainly considered the location of the 
flaking surface and the progression of knapping. This classification 
primarily differentiates between cores in which the flaking surface is 
oriented according to the longitudinal axis of the selected blank to 
obtain elongated and straight products and cores in which the flaking 
surface is oriented according to the transversal axis of the blank (i.e., 
carinated cores). The latter are poorly attested compared to Early 
Aurignacian assemblages described in southwestern France and Central 
Europe (Bataille and Conard, 2018; Bordes, 2005; Teyssandier, 2007). 
Cores have been further subdivided according to the scars visible on the 
flaking surface/s at discard, differentiating between blade, bladelet, and 
flake scars (Table 1). 

All the technological attributes of the A2–A1 assemblage needed to 
replicate this analysis are derived from Falcucci et al. (2017) and can be 
found in the associated research compendium (Lombao et al., 2023a). 
To conduct this analysis, we have 3D-scanned all cores linked to blade 
and bladelet productions using the same protocol applied to the exper-
imental dataset. These artifacts are now part of an open-access dataset in 
Zenodo (CC BY 4.0) and can be fully downloaded for scientific and 
teaching purposes (Falcucci and Peresani, 2023). 

The blanks dataset by Falcucci et al. (2017) include blades, bladelets, 
and flakes bigger than 1.5 cm in maximal dimensions. Besides recording 
several discrete and metric attributes related to the technological fea-
tures of the assemblage, artifacts were sorted out into different raw 
material types following the macroscopic descriptions provided by 

Fig. 1. a) Physical map of Europe showing the geographical location of Fumane Cave (red dot) in northeastern Italy; b) View of the site’s main tunnel A, featuring 
modern scaffolds for musealization purposes; c) Sketch of the cave’s transversal section displaying evidence of the late Mousterian (A11-A4), Uluzzian (A3), early 
Protoaurignacian (A2–A1), late Protoaurignacian (D6–D3a + b), and the stratigraphic complex D1 (section drawn by M. Peresani and S. Muratori); d) Excavation of 
layer A2 with concentration of anthropogenic features (S16–S19) in the western sector of the cave entrance. 
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Bertola (2001). Raw materials recovered at Fumane Cave are made in 
most cases on chert from different carbonate formations found in the 
western Lessini Plateau spanning from the Upper Jurassic to the middle 
Eocene. They could all be collected within a range of a few kilometers 
from the site, both in primary outcrops, in loose stream or fluvial 
gravels, and on the frequent slope-waste deposits and soils. The most 
common types could be found within a 5 km crow flies radius from the 
site and are the so-called Maiolicae, Scaglia Variegata, and Scaglia 
Rossa. Particularly abundant are the Maiolica and the Scaglia Variegata 
(Delpiano et al., 2018). All the used raw materials at Fumane have 
excellent flaking properties, although the Scaglia Variegata can have 
different quality and sizes according to the specific sub-type (Bertola, 
2001). In this regard, a very frequent occurrence in the Protoaurignacian 
is the yellow-gray type (SV3; also known as Pietra Gallina) of the Scaglia 
Variegata, which is of excellent quality and can be easily sorted from the 
rest of the sub-types thanks to different macroscopic features. We will 
thus keep this sub-type separated in the analysis to have a more refined 
outlook of raw material management strategies in the Protoaurignacian. 
Other formations, such as the Tertiary sandstones and the Oolitic 
limestones are rarer, although a few large-sized blades made on Oolitic 
flint were recovered in the early Protoaurignacian (Falcucci et al., 
2017). In this study, these marginal varieties from a quantitative point of 
view, were grouped in the category “Other". 

2.3. Reduction intensity proxies 

To quantify reduction intensity proxies, all 3D meshes of the cores 
were analyzed in the open-source software Meshlab (Cignoni et al., 
2008). We quantified volume, surface area, cortical surface area, and 
linear dimensions (i.e., length, width, and thickness). We preferred to 
use a technological orientation of the core instead of measuring the main 
morphological dimensions. Protoaurignacian laminar cores can in fact 
be effectively oriented in the 3D space considering well-identifiable 
parameters such as the position of the striking platform and flaking di-
rection; the latter being most of the times unidirectional. To calculate 
the SDI, we counted all visible scars on the surface of the cores following 
Clarkson (2013), except for those removals shorter than 5 mm in 
maximal dimension, as they are likely related to the trimming opera-
tions conducted prior to each blank removal. The surface area of each 
core was measured in Meshlab. Furthermore, we have logarithmically 
transformed the SDI data, resulting in LogSDI, to assess whether the 
logarithmic transformation of SDI yields stronger correlations with the 
actual percentage of extracted volume compared to unmodified SDI. SDI 
has been applied to all types of cores, irrespective of the type of blank on 
which they are produced (cores on flakes, etc.). 

Finally, we calculated the mean striking angles (i.e., the angle be-
tween the platform and the flaking surface) using the Virtual Goniom-
eter plugin (Yezzi-Woodley et al., 2021) in Meshlab. We took a total of 
three measurements along the cores’ striking platforms, favoring the 
areas from which the last sets of successful removals were visible on the 
flaking surface. The resulting average of the three measurements was 
used for further analysis. 

2.4. Volumetric Reconstruction Method 

The main goal of the VRM is to estimate the original volume of cores 
prior knapping. In this work, we have made a series of changes with 
respect to the original proposal presented by Lombao et al. (2020) to 
adapt the methodology to this specific case study. These changes affect 
both the correction units (i.e., the set of products resulting from the 
knapping activities) and the association of these units to the maximum 
dimensions of the cores. Regarding cores, we have standardized the 
dimension correction system by orienting and measuring core meshes 
following the maximum technological dimensions at discard. Artifacts 
are oriented in a way that the length corresponds to the extension of the 
flaking surface with the striking platform placed at the top (see Fig. 2). 
To reconstruct the original dimensions of the unmodified blank, 
different procedures are applied depending on each technical axis 
(length, width, thickness). The most significant change to the original 
application concerns the way in which the length of the cores is calcu-
lated. Instead of using a single correction unit for the length, two groups 
of correction units are established: one for the platform (platform 
length) and another for the core’s base (distal length). Within the length 
axis, we refer to platform length as the sector where the striking plat-
form is located, whereas with distal length to the base of the cores (i.e., 
where the distal part of the blank removals would be located). This was 
done to account for the frequent use of core tablets (see below) in Upper 
Paleolithic laminar technologies, which are typically thicker than other 
flakes detached from blade and bladelet cores (Inizan et al., 1995). It is 
important to note that this adaptation has been carried out focusing on 
the unidirectional Protoaurignacian cores. In the case of bidirectional 
cores, such as for instance in the early Ahmarian (Abulafia et al., 2021), 
a correction unit relative to the platform length should be applied at 
both extremes of the core. The core’s width and thickness remain un-
changed from the original proposal, with a single correction system for 
both dimensions. As for the correction units, they are calculated 
following the same procedure as in the original method, which uses the 
diacritical analysis of the cores to identify the number of generations for 
each of the discussed technological axes (see Fig. 2). By generations, we 
mean the number of scars that overlap on the same axis with similar 
orientation (see Lombao et al., 2020). Importantly, for the analysis of 
experimental cores, we considered only the generations of removals that 
were visible on the 3D meshes. This approach ensures full alignment 
between the results of our experimental protocol and the analysis of the 
archaeological core assemblage, even in those cases where prior known 
generations were erased by the continuation of stone tool production. 

The distinction between platform length and distal length implies an 
adaptation of the correction units. First, central values of maximum 
thickness (either mean or median, depending on data distribution) of 
flakes and tablets from the lithic assemblage associated with the cores 
are used to correct the platform length. Second, central values of the 
thickness of flakes, blades, and bladelets are used to correct the distal 
length, as well as the width and thickness of cores. It is essential to 
incorporate the thickness of flakes into the correction process for these 
latter dimensions, as flakes are commonly utilized in the Proto-
aurignacian at Fumane for initializing blade and bladelet cores, as well 
as maintaining the flaking surface and core’s flanks throughout the 
reduction sequence (Falcucci et al., 2017; Falcucci and Peresani, 2018). 

Table 1 
Cores from the A2–A1 assemblage recovered at Fumane, categorized by raw material and blank production (percentages are shown in brackets). The “Other” category 
includes sparsely attested raw material varieties. In the figures below, the term “Scaglia” is abbreviated as “S” (e.g., S_Variegata) for better data visualization.  

Raw material Flake Blade-Bladelet Blade-Flake Bladelet Total 

Maiolica 4 (4.4%) 27 (29.6%) 9 (35.1%) 51 (56%) 91 (73.3%) 
Scaglia Rossa – – – 6 (100%) 6 (4.8%) 
Scaglia Variegata 2 (22.2%) 1 (11.1%) 1 (11.1%) 5 (55.5%) 9 (7.2%) 
Scaglia Variegata type 3 1 (6.2%) 5 (31.2%) – 10 (62.5%) 16 (12.9%) 
Other – 1 (50%) – 1 (50%) 2 (1.6%) 
Total 7 (5.6%) 34 (27.4%) 10 (8.1%) 73 (58.9%) 124 (100%)  
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To do so, we measured the maximum thickness of all experimental and 
archaeological products bigger than 15 mm in maximal dimension. 
Additionally, a novelty in this VRM adaptation is the exclusive use of 
central values of the thickness of products as correction units, instead of 
platform thickness. This is mostly because Protoaurignacian knappers 
used marginal percussion to detach blades and bladelets, which often 
display punctiform or linear platforms (Falcucci et al., 2017). These 
measurements would arguably not reflect the thickness of the extracted 
products. Once the number of generations of removals is identified for 
each technical axis on the core, the number of correction units is 
multiplied by the central values obtained from the set of flakes, blades, 
and bladelets for distal length, width, and thickness. For platform 
length, central values obtained from the assemblage of flakes and core 
tablets are employed. 

Subsequently, the obtained values are added to the core dimensions. 

In the case of length, the values obtained for platform length and distal 
length are both added. For width and thickness, the same procedure as in 
the original proposal is followed, and the corresponding geometric 
formula (i.e., ellipsoid, cylinder, sphere) is applied using the corrected 
dimensions to obtain the estimated original volume (EOV). By dividing 
the volume of the core by the estimated original volume of the blank 
prior to knapping, and multiplying the result by 100, we obtain the 
percentage of the remaining volume on the core. Finally, by subtracting 
the percentage of the remaining volume from 100, we can calculate the 
percentage of the extracted volume (PEV) for each of the analyzed cores. 

As in previous studies (Cueva-Temprana et al., 2022; Lombao et al., 
2020, 2023c), we excluded cores on flake from the VRM analysis. This 
type of core likely requires additional and/or significant modifications 
to the original version of the VRM and further experimental activities. 

Fig. 2. Application of the revised version of the Volumetric Reconstruction Method to three Protoaurignacian cores from Fumane Cave. Each core is presented as a 
3D model, showcasing various views and color-coded drawings. The legend provides an explanation of the numbers and colors, where darker shades represent the 
oldest phases, indicating the generations for each technological axis, including thickness, width, platform length, and base length. For thickness and width, it is 
needed to sum the generations from both opposite surfaces affecting these dimensions. Dotted lines surrounding the 3D views of the cores indicate the dimensions 
influenced by the computed generations, which are counted using a diacritic approach. This approach involves identifying a set of non-overlapping removals 
associated with a specific reduction phase. In some cases, a generation may correspond to only a single visible removal. A detailed description accompanies each of 
the displayed cores, offering comprehensive information about the number of generations identified: A) This multiplatform core exhibits multiple visible generations, 
counted after positioning the core according to the final phase of blank production. It shows five generations for thickness, five for width, three for platform length, 
and one for base length. B) This semi-circumferential core displays three generations for thickness, two for width, two for platform length, and one for base length. C) 
This wide-faced core exhibits six generations for thickness and two for platform length. The width does not appear to have been modified by removals. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article). 
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2.5. Statistical analysis 

2.5.1. Experimental data 
To evaluate the performance of the VRM adaptation, the EOV and the 

PEV were calculated using different geometric formulas, namely the 
cube, prism, sphere, cylinder, and ellipsoid. Descriptive statistical 
analysis was conducted on the Original Volume (OV) of nodules before 
knapping and the percentage of Extracted Volume (PEV). This analysis 
included measuring central values such as mean and median, data 
dispersion values such as maximal and minimal values, standard devi-
ation, coefficient of variation, and normality of the distribution through 
multiple Shapiro-Wilk tests. We performed all analyses both on real 
experimental data and the estimates obtained from the application of 
different geometric formulas. Subsequently, we applied Average Error 
(AE), Mean Absolute Error (MAE), and Root Square Mean Error (RSME) 
to evaluate the accuracy of the estimations obtained through the 
different geometric formulas with respect to the actual reduction data. 

The AE – also known as mean error – is a measure of accuracy that 
shows the difference between the actual and predicted values. To 
compute this measure, it is necessary to calculate the difference between 
each predicted value regarding the actual value, and then calculate the 
mean of these differences. A positive AE means that the predicted values 
are, on average, higher than the actual values. On the opposite side, 
negative AE means that the estimations are lower than the actual values. 
The magnitude of the average error indicates the overall level of accu-
racy of the predictions or estimations, with a smaller magnitude indi-
cating greater accuracy. 

The MAE measures the average absolute difference between the 
predicted and the actual values in a dataset. As in the case of the AE, it is 
first necessary to obtain the difference between each predicted value 
compared to the actual one. However, given that the negative values are 
transformed into positive ones, it gives the magnitude of the error 
without considering its direction (i.e., positive, or negative). Next, it is 
necessary to calculate the mean of the absolute errors. The closer the 
MAE gets to 0 values, the more accurate the estimations will be. The 
RMSE is calculated by taking the square root of the average of the 
squared differences between the predicted values and the actual values. 
It is worth noting that the RMSE is sensitive to outliers, so it can be a 
good tool for detecting extreme values. 

Using the average of the real data as a reference, it is possible to 
obtain the percentage of Average Error (%AE), the percentage of Mean 
Absolute Error (%MAE), and the percentage of the Root Mean Squared 
Error (%RMSE), which will allow us to directly compare the accuracy of 
the different geometric volume formulas tested. Additionally, we used 
the Bland-Altman test (Bland and Altman, 1995) to evaluate the 
agreement between the two different measurement methods. This test 
involves plotting the differences between the measurements of the two 
methods and the average of the measurements on a scatter plot. The plot 
also includes the mean line of the differences and the agreement limits. 
The mean line represents the average difference between the two mea-
surement methods, while the agreement limits represent the expected 
range of agreement between the two measurements. Finally, we 
compared the correlations between real values for percentage of 
extracted volume and the estimated percentage of extracted volume for 
each core or reduction sequence. 

After evaluating the adaptation of the VRM, we proceeded to analyze 
the correlations between different reduction intensity methods (e.g., 
VRM, SDI, percentage of non-cortical surface, angle, etc.) with respect to 
the actual percentage of extracted volume during the experiment. As 
some variables had a non-normal distribution according to a Shapiro- 
Wilk test (p < 0.05), both Pearson’s r and Spearman’s Rho were used, 
following previous applications (Lombao et al., 2020). 

2.5.2. Archaeological data 
We performed the descriptive statistics to the core assemblage from 

Fumane Cave using the procedures already described for the 

experimental material. We then conducted a Weibull distribution anal-
ysis (Dorner, 1999; Pasha et al., 2006; Shott, 2002) to examine differ-
ences in raw material reduction intensity. The Weibull distribution 
analysis is commonly employed to model and analyze failure or survival 
time data. In lithic studies, it is frequently utilized to describe the discard 
rate of a product or system over time or reduction intensity. The Weibull 
distribution comprises two parameters (i.e., shape and scale), which 
determine distribution and location of the distribution on the time (i.e., 
reduction intensity) axis. The shape parameter can be less than, equal to, 
or greater than 1, corresponding to a failure distribution that is 
decreasing, constant, or increasing over time or reduction, respectively. 
The Weibull distributions were calculated with maximum likelihood 
estimation method using the “fitdist” function provided by the R-pack-
age fitdistrplus (v.1.1–8) (Delignette-Muller and Dutang, 2015). 

Furthermore, we conducted non-parametric Kruskal-Wallis (K–W) 
tests to identify any significant differences between the medians of two 
or more independent groups, such as raw materials, core types, or types 
of blank production. When necessary, we applied post-hoc Dunn tests to 
determine which pairs of groups differ significantly from each other. 
Finally, we utilized the Kolmogorov-Smirnov (KS) test to compare 
distributions. 

All methodological procedures for calculating both the original 
volumes and the percentage of Extracted Volume through VRM using 
different geometric formulas, as well as all statistical steps carried out in 
this study, were performed in R (4.2.2v) within the R Studio environ-
ment (Posit team, 2023; R Core Team, 2022), using different packages 
for statistical analysis and visualization (i.e., Delignette-Muller and 
Dutang, 2015; Wickham, 2016, 2011, 2007; Wickham et al., 2023). The 
R Markdown and datasets required to reproduce this work are available 
on Zenodo (CC BY 4.0 license) (Lombao et al., 2023a). 

3. Results 

3.1. Testing the adaptation of the Volumetric Reconstruction Method 

The estimated volumes obtained using the prism and cube geometric 
formulas exhibit central mean and median values that are considerably 
higher than the real data, sometimes doubling or even tripling the 
original volumes (see Fig. 3). However, the other considered geometric 
shapes, including the cylinder, ellipsoid, and sphere, have slightly lower 
medians than the actual volumes (see Table 2). 

Regarding the data dispersion, we observe that the estimated vol-
umes obtained from the geometric formulas show a higher Coefficient of 
Variation (CV) compared to the experimental data. This discrepancy can 
be explained by the sequential nature of the experiment, in which all the 
cores originated from eight distinct blanks, resulting in the original 
volumes being concentrated in eight specific values, whereas re-
constructions always end up generating different values and therefore 
more variability. 

While there are statistically significant differences between the 
different central values of both the actual and estimated volumes (K–W; 
H = 30.871, df = 5, p < 0.05), further post-hoc analysis indicates that 
these differences are exclusively between the estimated volumes ob-
tained using the cube formula and the estimations obtained using the 
sphere and ellipsoid formulas (see Supplementary Table S1). This sug-
gests that the estimated volumes have central values that are similar to 
the actual data. 

To assess the accuracy of each geometric formula, we calculated the 
AE, MAE, and RMSE for each class. We found that the estimated volumes 
obtained through the cylinder formula have the lowest error in terms of 
both the original volume, as determined by AE and %AE. However, since 
positive and negative errors can cancel each other out in this test, we 
also evaluated the direction of the errors using MAE. In this test, the 
ellipsoid and cylinder produced the lowest results. Finally, we calculated 
the RMSE, which is the square root of the average of the squared dif-
ferences between the predicted and actual observations. This test 
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penalizes larger errors more heavily. In this sense, the ellipsoid presents 
slightly better results, since its RMSE and %RMSE are lower (Table 3). In 
fact, in the error distribution (Fig. 4) the ellipsoid has a smaller error 

range, although the distribution itself indicates that in some cases there 
is a severe underestimation of the original volume. 

These oscillations in the original estimated volumes logically affect 
the estimated percentages of extracted volume depending on whether 
there is a general tendency to overestimate or underestimate the original 
volume values. Thus, those original volumes that are overestimated tend 
to have higher average extracted volume percentages (i.e., cube and 
prism), being more similar to the estimated extracted volume percent-
age values through the ellipsoid and cylinder volume formulas (Table 4). 

Again, the result of the K–W analysis shows statistically significant 
differences between the extracted volume percentages (H = 54.036, df 
= 5, p < 0.05). Further analysis (Dunn test) indicates that these differ-
ences are between the estimates obtained from different geometric 

Fig. 3. Boxplots with jittered points and histograms showing a comparison of the estimated original volumes (EOV; cm3) obtained from different geometric formulas.  

Table 2 
Descriptive statistics for Estimated Volumes (in cm3). N = sample size. Min = minimum value, Max = maximum value, SD = Standard Deviation, CV = Coefficient of 
Variation, S–W = Shapiro-Wilk test, Exp. Data = Experimental data.  

Geometries N Mean Median Min Max SD CV S–W 

Exp. Data 42 189.41 183.01 38.77 425.62 96.91 0.51 0.01 
Prism 42 274.49 224.12 70.20 1032.43 193.02 0.70 <0.001 
Cube 42 297.24 259.64 46.46 1109.04 245.15 0.82 <0.001 
Sphere 42 155.63 135.95 24.33 580.69 128.36 0.82 <0.001 
Cylinder 42 208.41 161.17 46.02 1343.43 211.27 1.01 <0.001 
Ellipsoid 42 143.72 117.35 36.76 540.58 101.07 0.70 <0.001  

Table 3 
Results of Average Error (AE), Mean Absolute Error (MAE), Root Mean Squared 
Error (RMSE), and their percentages (%) for each geometric formula used.  

Geometries AE %AE MAE %MAE RMSE %RMSE 

Prism 85.08 44.92 120.43 63.58 173.61 91.66 
Cube 107.83 56.93 169.95 89.72 244.23 128.95 
Sphere − 33.78 − 17.83 96.06 50.72 126.56 66.82 
Cylinder 19.00 10.03 83.72 44.20 168.40 88.91 
Ellipsoid − 45.69 − 24.12 68.27 36.04 96.82 51.12  
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formulas, without finding significant differences between the actual 
values and the different estimates (Supplementary Table S2). 

It is possible to observe a certain disparity in the distributions ob-
tained between the different formulas, which indicates an unequal 
performance when estimating the core reduction intensity. The K–S test 
shows us that in fact, apart from the cylinder and the sphere, the rest of 
the geometric formulas present statistically significant differences in the 
distribution. Moreover, in the case of the sphere, although it does not 
present statistically significant differences, the errors between individ-
ual observations show how in some cases the geometric formula is not 
adequate to reconstruct the original size of the nodule, obtaining 

individual errors in extreme cases of almost − 200% (Fig. 4F). 
Again, the AE, MAE and RMSE values, as well as their respective 

percentage values, indicate a better performance of the cylinder and 
ellipsoid compared to the other geometric formulas. In fact, on average, 
these errors generally account for less than 15% of the extracted volume 
in the three indexes, indicating an optimal efficiency of these geometric 
formulas in estimating the degree of reduction intensity (Table 5). Also, 
the correlations between the percentage of extracted volume and the 
percentage of extracted volume estimated by each of the geometric 
formulas indicate a strong and positive correlation for the ellipsoid (r =
0.81, r2 = 0.65 p < 0.001) and the cylinder (r = 0.70, r2 = 0.48 p <
0.001), confirming their effectiveness as reduction intensity indexes. 

Fig. 4. A-E) Comparisons of Percentage of Extracted Volume distributions between each geometric formula and real data. F) Jitter plot illustrating individual errors, 
which represent the differences between individual real data points and its estimation based on each geometric formula. Negative values (below 0% of extracted 
volume) were excluded in graphs C (sphere) and E (cube), as they represent unrealistic values, but are included in graph F. 

Table 4 
Descriptive statistics for the Percentage of Extracted Volume (PEV). Values are 
reported in percentages. N = sample size. Min = minimum value, Max =
maximum value, SD = Standard Deviation, CV = Coefficient of Variation, S–W =
Shapiro-Wilk test.  

Geometries N Mean Median Min Max SD CV 

Exp. Data 61.25 65.26 21.05 95.11 22.44 0.37 0.02 
Prism 76.18 76.99 51.43 87.80 7.90 0.10 0.02 
Cube 69.80 76.99 − 16.90 93.61 24.20 0.35 <0.01 
Sphere 42.33 56.06 − 123.26 87.80 46.22 1.09 <0.01 
Cylinder 64.41 70.27 6.05 87.78 19.23 0.30 <0.01 
Ellipsoid 54.51 56.06 7.24 76.69 15.10 0.28 0.02  

Table 5 
Results of Average Error (AE), Mean Absolute Error (MAE), Root Mean Squared 
Error (RMSE), and their percentages (%) for each geometric formula used.  

Geometries AE %AE MAE %MAE RMSE %RMSE 

Prism 14.94 24.38 16.80 27.44 22.22 36.27 
Cube 8.56 13.97 21.52 35.14 29.22 47.71 
Sphere − 18.92 − 30.89 30.93 50.50 48.94 79.91 
Cylinder 3.17 5.17 12.19 19.90 16.39 26.76 
Ellipsoid − 6.73 − 11.00 13.20 21.54 14.86 24.26  
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To elucidate which of the geometric formulas is more accurate be-
tween the ellipsoid and the cylinder, we performed a Bland-Altman 
analysis, a graphical method for comparing two measurement tech-
niques on the same quantitative variable. Thus, for the ellipsoid 
(Fig. 5a), there is a bias of − 6.73, a lower limit of agreement of − 33.01, 
and an upper limit of agreement of 19.54. Although this range of 
agreement includes the value 0, which is indicative of good perfor-
mance, the bias is significant since the 95% confidence interval of the 
bias (from − 2.55 to − 10.91; blue region around the central dashed line) 
does not include the value 0. The distribution of the individual errors 
also shows a tendency to overestimate reduction intensity in the first 
phases of reduction sequences (between 25 and 40% of extracted vol-
ume) and infra-estimate reduction intensity in the last phases (from 50% 
to 90%). 

Instead, for the cylinder (Fig. 5b), there is a bias of 3.16, a lower limit 
of agreement of − 28.73, and an upper limit of agreement of 35.06. This 
range of agreement is wider than in the case of ellipsoid but also includes 
the value 0. Further, the bias is not significant since the 95% confidence 
interval of the bias (from − 1.01 to 8.23) includes the value 0 which 
means a concordance between the real and estimated values through the 
cylinder volume formula. Lastly, regarding the cases with larger differ-
ences, it is important to consider that they are spread along the X-axis, 
meaning that larger differences are not correlated by reduction in-
tensity. Furthermore, when analyzing the results within three volume 
extraction ranges (0–30%, 30–60%, and 60–100%) we observed that the 
cylinder formula overestimates by approximately 10% on average (AE 
= 8.94) in the 0–30% range. This overestimation increases to 12.9% in 
the 30–60% range, but results in a slight underestimation in the more 
advanced reduction phases (60–100%) with an AE of − 4.02% (see 
Supplementary Table S5, Supplementary Fig. S1). 

Despite the tendency to overestimate in the early stages and slightly 
underestimate in the later stages of reduction sequences, our comparison 

of correlations between actual values for the percentage of extracted 
volume and the estimated percentage obtained through the cylinder for 
each individual core or reduction sequence reveals consistent findings 
(see Supplementary Fig. S2). Our results indicate a consistently high, 
positive, and statistically significant correlation between these values 
for each core throughout the reduction sequence, with correlation co-
efficients ranging from r = 0.88 to r = 0.99. However, in three cases, this 
correlation is not statistically significant (p > 0.05) due to the small 
sample size. Having evaluated the advantages and limits of this adap-
tation of VRM to blades and bladelets cores, we compared the effec-
tiveness of this method with others such as the SDI (Clarkson, 2013), 
percentage of non-cortical surface, and other technical attributes such as 
the angle between the striking platform and flaking surface, the number 
of striking platforms, the number of exploited surfaces, the number of 
convergences between exploitation surfaces (following Douglass et al., 
2018), and finally the number of rotations to observe which of these 
variables may be correlated and be a good reduction proxy (Table 6). 

The results indicate a strong and positive correlation between the 
percentage of extracted volume and SDI, Log SDI, and percentage of 
non-cortical surface area (Table 6. Therefore, they will be used in the 
archaeological study as a complementary control method to the VRM. 
On the other hand, most of the other variables used (e.g., number of 
surfaces, number of rotations, and number of platforms) have very low 
correlation values with respect to reduction and have therefore not been 
further considered. 

Finally, one significant concern when dealing with this type of cores 
is the potential issue of overlapping effect, in which the new removals 
eliminate the scars of previous removals on the surface of the cores. as 
discussed in Lombao and colleagues, (2019). To assess the influence of 
this overlapping effect, we conducted two sets of analyses for each of the 
analyzed cores. First, we examined the correlation between the number 
of scars and each phase. Second, we explored the correlation between 

Fig. 5. Visualization of the Bland-Altman test for the a) ellipsoid, and b) the cylinder formulas.  
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the number of identified generations and each phase. The results 
consistently reveal strong, positive correlations between these variables, 
suggesting that, in general, the overlapping phenomenon does not have 
a significant impact as initially anticipated. However, it is important to 
note that there are occasional fluctuations in both the number of scars 
and the number of generations across phases and cores, which may 
introduce some degree of error in the results. These fluctuations should 
be considered when evaluating the outcomes of reduction intensity 
studies on laminar cores (see Supplementary Figs. S3 and S4). 

3.2. Application to the case-study of Fumane Cave 

3.2.1. Raw material 
The results indicate that there is considerable variation in the 

estimated original volumes, ranging from 19 cm3 to 473 cm3. These 
estimated volumes are similar to the original volumes we employed in 
the experiment, which ranged between 38.77 cm3 and 425.62 cm3. The 
raw material varieties used belong in fact to the same source areas 
described in the archaeological record. 

However, there are notable differences in the estimated volumes 
when results are sorted by raw material type. Maiolica and the Other 
groups have significantly higher central values than Scaglia Rossa, 
Scaglia Variegata, and Scaglia Variegata type 3 (K–W = 10.214, df = 4, 
p = 0.037). These discrepancies can be attributed to the blank used and 
the inherent properties of each chert type (Bertola, 2001). The 
Chi-squared test shows a significant association between the blank types 
and raw materials (Chi-squared = 29.33, p = 0.02). Maiolica, for 
example, had a greater variety of core blanks, including 

Table 6 
Correlation tests comparing percentage of remaining volume and the different attributes considered in this study.  

Attributes Pearson R Coefficient of determination P value Spearman rho P value 

Number of scars 0.51 0.24 <0.001 0.50 <0.001 
SDI − 0.70 0.49 <0.001 − 0.76 <0.001 
Log SDI − 0.78 0.60 <0.001 − 0.76 <0.001 
Percentage of non-cortical surface 0.78 0.62 <0.001 0.84 <0.001 
Number of convergences − 0.42 0.18 <0.001 − 0.46 0.001 
Number of flaking surfaces − 0.48 0.23 0.001 − 0.48 0.001 
Number of flaking rotations − 0.08 0.007 0.5 − 0.07 0.6 
Number of platform surfaces 0.22 0.04 0.1 0.21 0.1 
Angle 0.15 0.02 0.3 0.13 0.3  

Fig. 6. Boxplots with jittered points showing the results for a) PEV obtained through VRM, b) SDI) c) Percentage of non-cortical surface, and d) volume of the cores 
according to raw material type. 
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cores-on-nodules and cores-on-flakes, but also several blanks that could 
not be identified (i.e., undetermined). Scaglia Variegata, on the other 
hand, was more commonly found in blocks, whereas Scaglia Variegata 
type 3 was frequently linked to slabs (Supplementary Table S3). 

Notwithstanding these differences in sizes and type of core blanks 
across raw materials, the reduction intensity estimated using the VRM is 
relatively high, with central values close to 70–80% of the extracted 
volume, as shown in Table 7. This trend of high reduction intensity is 
consistent across the different types of raw materials, as illustrated in 
Fig. 6 and by the comparable central values across the studied sample 
(Kruskal-Wallis H = 7.0878, df = 4, p = 0.13). Nevertheless, the cores 
made from the Maiolica, which is the most abundant at the site, exhibit a 
higher concentration of lower values in comparison to other chert types. 
However, Scaglia Variegata and Scaglia Variegata type 3 show more 
extreme values, leading to a higher variability in the reduction intensity 
of the cores, as shown by the higher values of the CV for these raw 
materials. The results of the SDI and the percentage of non-cortical 
Surfaces (where cores-on-flake are included in the analysis) do sup-
port these findings, with the Maiolica cores displaying a higher number 
of lower values in both proxies (see Table 7). 

We conducted a Weibull distribution analysis using the data derived 
from the VRM to further explore the core reduction patterns across raw 
materials. We calculated the shape and scale for each raw material, 
reflecting the degree of variability in the data and the rate of core 
discard parameters. The results revealed that the Maiolica exhibits the 
highest shape value, an indication of a relatively consistent and uniform 
reduction pattern. In contrast, the rest of the raw materials display lower 
shape values, suggesting greater variability in their reduction patterns. 
Furthermore, the scale parameter is higher for the Scaglia Rossa, 

followed by Maiolica and Scaglia Variegata type 3. 
Despite the differences in scale and shape values, the Weibull dis-

tributions reveal minimal disparities in the discard patterns of cores 
across raw materials. In general, the curves tend to be of type I (sensu 
Shott, 2002; Shott and Sillitoe, 2004). Type I curves characterize 
increasing discard rates with increasing use, a pattern related to attrition 
in engineering and aging in demographics. So, in general there is a high 
degree of discard rate when cores are more reduced and exhausted 
(Fig. 7). 

Regardless of the overall trend of high core reduction across all raw 
materials and the discard of cores at advanced stages of the reduction 
sequence, subtle differences suggest varying management strategies in 
relation to raw material types. For instance, the remaining volume of 
cores indicates that they are generally discarded when volumetrically 
exhausted. This pattern differs for several cores made on Maiolica, 
which exhibit a less intensive exhaustion degree. If this finding is 
compared to other aggregate data, such as the products-to-cores ratio, 
we observe that Scaglia Variegata type 3 (29.25) and Maiolica (51.38) 
have lower ratios than the Scaglia Rossa (66.16) and Scaglia Variegata 
(69), indicating evident differences in the productivity of raw materials 
(Supplementary Table S4). 

3.2.2. Core classification 
The category that was classified as being in the early stages of 

reduction (i.e., initial cores) generally exhibits a lower reduction in-
tensity than other core types. This seems to be logical since initial cores 
were classified based on various morpho-metric and technological pa-
rameters, including the percentage of cortex coverage, the presence of 
removals related to the shaping of cores’ convexities (e.g., core 

Fig. 7. Kaplan Meier plot showing the survival probability of cores from Fumane Cave by raw material along the reduction continuum (i.e., Percentage of Extracted 
Volume), as predicted by the VRM. 
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cresting), and the extent of the flaking surface (see Falcucci and Pere-
sani, 2018). It must be noted, however, that the reduction percentages of 
initial cores can reach values of up to 70–90% of the estimated extracted 
volume. Although the VRM shows a tendency to overestimate the 
reduction intensity of initial cores (around 10%; see 3.1) this finding 
suggests that core reduction is not a straightforward linear process 
across phases. Our data highlights instead how core reduction involves a 
rapid decrease in blank volume during the very initial stages of the 
reduction sequence. Processes such as core decortication, preparation of 
a plain and acute striking platform, and the volumetric configuration of 
both longitudinal and transversal convexities are highly demanding in 
terms of raw material. 

In general, all core types except for initial cores present very low and 
similar volumes to each other, with no statistically significant differ-
ences between them (Kruskal-Wallis H = 18.58, df = 5, p = 0.002), 
indicating a high level of volumetric depletion regardless the variability 
of cores (Fig. 8d). Narrow-side cores exhibit a slightly lower degree of 
reduction intensity compared to other core types. This could be because 
exploitation focuses on a specific sector of the cores, as the name sug-
gests. In some cases, the abrupt separation between the flaking surface 
and the cores’ flanks was used to extract naturally backed and neo- 
crested blades to efficiently maintain the transversal convexities. On 
the contrary, cores classified as wide-faced generally have higher values 
of estimated percentage of extracted volume and SDI compared to the 
previous category. This is true for those cores oriented toward the pro-
duction of both blades and bladelets as well as for cores with both blade 

and bladelet negatives visible and cores with only bladelets. Semi-
circumferential cores show some discrepancies in the reduction intensity 
if different methods are contrasted. When considering the SDI, semi-
circumferential cores present higher values compared to both wide- 
faced and narrow-sided. On the other hand, the values obtained from 
the VRM are more similar to narrow-sided cores, but lower than wide- 
faced cores. 

Moreover, if semicircumferential cores are sorted according to the 
production target visible at discard, we can observe that with the VRM 
there is a similar pattern between the blade-bladelets cores and those 
oriented exclusively to bladelets. They appear to be at an intermediate 
point between the narrow-sided and the wide-faced ones. In contrast, 
the SDI shows a contrasting pattern, characterized by comparable 
reduction patterns between semicircumferential, narrow-sided, and 
wide-faced cores. On the other hand, however, bladelet cores show a 
much higher reduction intensity. These marked discrepancies can be 
explained by the characteristics of the reduction methods themselves, 
especially since the SDI also includes cores made on flakes. This could 
indicate differential management strategies that are to be put in relation 
to the objective of blank production (see discussion). 

Carinated cores exhibit higher reduction intensities, although this 
core type is mostly related to the use of thick flakes as core blanks. 
Carinated cores are generally oriented towards the production of bla-
delets and are reduced along the transversal axis of the blank (Le 
Brun-Ricalens, 2005). While flaking surfaces are shorter compared to 
the rest of the core types (Falcucci et al., 2017), bladelet production is 

Fig. 8. Boxplots with jittered points showing the results for a) PEV obtained through VRM, b) SDI) c) Percentage of non-cortical surface, and d) volume of the cores 
according to raw core type. 
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ideally more effective since cores require little maintenance of the lon-
gitudinal convexities and the progression along the longest axis allows 
for the use of a significant portion of the available volume. 

Finally, the higher volumetric depletion and reduction intensity of 
multiplatform cores indicate that the combination of different reduction 
procedures is highly effective in maximizing blank production by uti-
lizing most of the available volume. 

3.2.3. Blank production 
We noticed some discrepancies in the reduction intensity methods 

when production targets are compared, especially with respect to results 
from bladelet cores. In these cores, the SDI points to more pronounced 
differences between blade and bladelet cores, which may be related to 
the high negative correlations found between size (i.e., volume) and SDI 
(R = − 0.58, p < 0.05). On the other hand, both the percentage of non- 
cortical surface and the PEV obtained through VRM suggest no major 
differences, especially between cores with bladelet and blade and bla-
delet scars (Fig. 9). Cores with blade and flake scars are generally less 
reduced, in line with the interpretation of several flake scars as being 

related to initialization and maintenance operations carried out in the 
early stages of reduction (see Falcucci and Peresani, 2018). In this 
framework, it might be an indication of the presence of cores in which a 
shift occurs from one target to another (e.g., from blades to bladelets), 
while others are oriented from the beginning to the production of 
bladelets. 

4. Discussion 

4.1. Methodological remarks 

In this work, we adapted the VRM method to analyze blade and 
bladelet cores. To do so, we modified the way in which corrections of 
technological dimensions are calculated in Lombao et al. (2020) by 
applying two correction factors to the length axis (i.e., one for the base 
and another for the striking platform). While this adaptation can slightly 
slow down the analytical process, our results show that the adapted 
VRM through the cylinder volume formula is a valuable and reasonably 
reliable method for studying reduction intensity in early Upper 

Fig. 9. Boxplots with jittered points showing the results for a) PEV obtained through VRM, b) SDI) c) Percentage of non-cortical surface, and d) volume of the cores 
according to blank production. 
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Paleolithic laminar assemblages. The different statistical tests performed 
(e.g., correlations, AE, MAE, and RMSE) show significant similarities 
between experimental data and the results of the reduction intensity 
quantifications obtained through the ellipsoid and cylinder geometric 
formulas. According to a Bland-Altman test, however, the cylinder for-
mula is the one that most effectively reconstructs the original volume of 
these platform cores. 

Interestingly, the results we obtained present a wider margin of error 
compared to the original version of the VRM (Lombao et al., 2020). This 
was expected and in our opinion, two main factors are responsible for 
that. First, the morphological and technological standardization of the 
reduction sequences in Protoaurignacian cores may require similar 
corrections units for the technical dimensions and thus limit original 
volume reconstructions (Lombao et al., 2020). Additionally, laminar 
technology is a recurrent reduction strategy in which multiple series of 
removals are detached either on a limited sector of the core or around its 
entire volume (Pigeot, 1987). This core volume management generates 
an overlapping effect that systematically eliminates information from 
previous phases; a characteristic that has been shown to negatively 
affect the performance of various reduction indexes (Lombao et al., 
2019). On the other hand, the resolution of the volumetric re-
constructions may have been affected by the high variability in the type 
and format of the starting raw materials. In this experiment, we used in 
fact a wide variety of core blanks (i.e., nodules and slabs) with very 
diverse starting morphologies and sizes. In some cases, we even used 
chunks resulting from the early phases of core decortication of a 
large-sized blank, with the aim of reproducing as closely as possible the 
archaeological evidence from Fumane. 

Regarding the several variables tested in this experimental study, we 
observed a low effectiveness of multiple technological proxies to explore 
reduction intensity, such as the number of platforms, rotations, exploi-
ted surfaces, and convergences, as well as the resulting angle between 
flaking surfaces and striking platforms. This poor performance, which is 
well reflected in the low coefficients of determination , led us to exclude 
such variables in the following archaeological study. Instead, both the 
SDI and the non-cortical surface percentage showed higher coefficients 
of determination, as well as a high correlation with the VRM. However, 
some discrepancies were identified among these methods, particularly 
between the SDI and the VRM. Based on previous experimental works 
(Ditchfield, 2016; Lombao et al., 2019), it has been demonstrated that 
the SDI is significantly influenced by the size, specifically the volume, of 
the cores. Larger volumes tend to result in decreased SDI values, 
resulting in a lower perceived reduction intensity. Conversely, in the 
case of the VRM, the opposite trend may be observed: larger volumes 
lead to larger dimensions used in calculating the initial blank volume. 
This could potentially result in an overestimation of the reduction in-
tensity, particularly for the initial cores. 

Therefore, considering the discussed sources of error for the VRM 
and for the SDI, we highlight the importance of combining these three 
methods (VRM, SDI and non-cortical surface) for more effectively 
interpreting the archaeological data on reduction intensity, while eval-
uating and discussing potential discrepancies between them (Dibble, 
1995b; Lombao et al., 2023b). 

4.2. Reduction intensity in the earliest protoaurignacian of Fumane Cave 

After experimentally verifying the applicability of the reduction in-
tensity methods to laminar cores, we proceeded to analyze core reduc-
tion intensity in the earliest Protoaurignacian assemblage from Fumane 
Cave to evaluate three key aspects of human technological behavior: 1) 
raw material management, 2) core technology strategies, and 3) the 
interrelationship between blade and bladelet productions along the 
reduction sequence. Results presented below are divided into these three 
themes. 

4.2.1. Raw material 
We found slight, but interesting variations in the management of raw 

materials. In particular, a few cores made from Maiolica show a lower 
volumetric depletion compared to the rest of the raw materials exploited 
at the site. We think that this is to be attributed to the greater abundance 
of the Maiolica in the area surrounding the site (Bertola, 2001). Previous 
studies have suggested that the Maiolica, together with the Scaglia Rossa 
and the Scaglia Variegata, were locally sourced, especially since most 
raw materials could be found within a few kilometers of the cave (Ber-
tola, 2001; Delpiano et al., 2018). Such proximity and abundance are 
particularly marked for the Maiolica, thus resulting in a systematic 
transport of raw or tested cobbles and core blanks to the site for stone 
knapping, use, and discard. The preceding Mousterian and Uluzzian 
assemblages are comparable in this regard (Delpiano and Peresani, 
2017; Peresani, 2012; Peresani et al., 2016). In the specific case of the 
A2–A1 assemblage, the presence of all phases of core reduction (e.g., 
fully cortical products, crested blades, and core tablets), as well as the 
high frequency of products with dorsal cortical surfaces, suggest that 
most of the decortication and initialization of cores was taking place in 
most cases at the site or close to the site. This is true for the Maiolica, 
Scaglia Rossa, and Scaglia Variegata, whereas the pattern is less clear for 
the more uncommon raw materials (Falcucci et al., 2017). 

To this date, there is little information about the use of exogenous 
raw materials at Fumane, despite evidence of long-distance mobility 
and/or trade between geographically distant groups is attested by the 
abundance of marine shells recovered in the Protoaurignacian layers 
(Peresani et al., 2019). An exception to that is a handful of lithics made 
from a red radiolarite that is today found along the Lombardy Basin, at 
ca. 50 km west of the site (Bertola et al., 2013). This caption radius is 
nevertheless very limited if compared to the extensive raw material 
network reconstructed at the sites of Mochi and Bombrini in north-
western Italy. Thanks to the varying frequencies of raw materials vari-
eties from southeastern France and central Italy, both Grimaldi et al. 
(2014) and Riel-Salvatore and Negrino (2018) have been able to discuss 
the beginning of the Upper Paleolithic in the regions and explore the 
different mobility strategies undertaken by Protoaurignacian foragers 
throughout the development of the technocomplex. Applying the VRM 
to those case studies might prove to be ideal to further investigate 
mobility patterns in the region and correlate reduction intensity to 
distance of the different raw material sources. 

The data available is still insufficient to quantitatively compare the 
economic management of lithic resources during the Mousterian with 
that of the Protoaurignacian at Fumane Cave through the reduction 

Table 7 
Descriptive statistics for the percentage of extracted volume obtained through the VRM according to raw material. N = sample size. Min = minimum value, Max =
maximum value, SD = Standard Deviation, CV = Coefficient of Variation, S–W = Shapiro-Wilk test. Shape (i.e., the degree of variability) and Scale (i.e., the rate of 
discard) values of the Weibull distribution for each Raw Material type, obtained with the data from the VRM analysis.  

Raw material N Mean Median Min Max SD CV Shape Scale 

Maiolica 72 76.27 79.06 45.82 89.26 9.96 0.13 8.35 79.62 
Other 2 88.02 88.02 86.38 89.67 2.32 0.03 16.53 94.85 
Scaglia Rossa 6 77.56 74.86 68.27 89.32 8.33 0.11 7.88 85.56 
Scaglia Variegata 8 67.40 71.47 25.99 87.03 19.67 0.29 3.83 75.44 
Scaglia Variegata Type 3 15 71.45 77.12 26.14 88.57 16.32 0.23 5.79 78.67  
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intensity of cores or other lithic tools. However, despite the marked 
differences between the two technocomplexes, it is possible to point out 
a certain degree of similarity in techno-economic behaviors. First, there 
is a very similar pattern in terms of raw material transport strategies. For 
instance, in the A9 discoid Mousterian unit, dated to about 47.6–45.0 ky 
cal BP (Higham et al., 2009; Peresani et al., 2008), refits of specific se-
quences (Delpiano et al., 2017), as well as techno-economic studies 
carried out on the entire lithic assemblage (Delpiano et al., 2018), 
indicate a high degree of integrity of the reduction sequences in the case 
of local materials such as the Maiolica, suggesting a systematic pro-
duction in the cave, or very close to it (Delpiano et al., 2018; Delpiano 
and Peresani, 2017). As we have seen, this element is present in the 
Protoaurignacian layers too, where we can also observe a less intense 
exploitation of this raw material type in some cores (Table 7). 

Also, we can document in both archaeological units differential 
management of the raw materials according to their proximity, avail-
ability, and aptitude for knapping. In the A9 assemblage, it was sug-
gested that a more planned behavior characterizes the use of semi-local 
materials, since those are introduced to perform specific tasks, and are 
reduced according to their different physical qualities (Delpiano et al., 
2018). In this sense, this could be also deduced from the Proto-
aurignacian assemblage since we identified a greater degree of reduction 
in those semi-local raw materials of higher quality. 

However, as noted by Peresani et al. (2016), considering the abun-
dant use of fine-grained chert found in the vicinity of the cave, which is 
evident in the Protoaurignacian, Uluzzian, as well as across all the 
Mousterian sequence, the archaeological evidence from Fumane does 
not provide sufficient information to determine if there is a shift towards 
greater reliance on fine-grained, non-local raw materials as we move 
forward in time. It is important to note that the early Protoaurignacian 
assemblage at Fumane is a palimpsest due to complex site formation 
processes, making it challenging to distinguish individual occupation 
events. Different knapping strategies and the use of various raw material 
sources may have been influenced by diverse settlement dynamics 
during the formation of the stratigraphic unit. Achieving a more detailed 
resolution of this phase currently appears unlikely, a challenge 
frequently encountered in many Paleolithic cave contexts (Goldberg 
et al., 1993). 

4.2.2. Core classification 
Our sequential experiment exemplifies how cores undergo signifi-

cant morphological variations throughout the core reduction sequence 
due to allometric modifications. This phenomenon has direct effects on 
the classification of cores into technological categories (see Falcucci and 
Peresani, 2018; Sánchez-Martínez et al., 2022), and the new reduction 
intensity data at Fumane reveals a clear pattern of transfer between core 
types. 

Protoaurignacian foragers that visited the cave during the formation 
of unit A2–A1 exhibit a highly flexible operatory field (sensu Guilbaud, 
1995), regarding the reduction sequence, with a predominance of a 
unidirectional concept of knapping along the longitudinal axes of the 
selected raw materials. Reduction sequences generally begin with a 
rough decortication of the core and the configuration of a flat and rather 
steep striking platform. In a few cases, crests could be prepared to allow 
the first laminar removal to be detached, but also to isolate the future 
flaking surface. Cores that display initialization procedures have 
generally few laminar removals visible and have been classified as initial 
cores in previous studies at the site. According to Falcucci and Peresani 
(2018), the knapping sequences were interrupted prior to the optimal 
production phase due to non-optimal flaking angles and distal convex-
ities, as well as the concurrent formation of hinged removals on the 
flaking surface. Once the core was configured, two mutually exclusive 
options could occur, involving the exploitation of either a narrow or a 
wide surface. 

There are some characteristic elements in the different core types 
identified that allow us to speak of distinct reduction procedures, 

requiring specific morphological configurations. For instance, dorsal 
cresting is an operation carried out exclusively on narrow-sided cores to 
isolate the flaking surface and facilitate the removal of core tablets. 
Conversely, the core’s inactive area lacks a specific configuration in the 
case of semicircumferential cores, characterized by the presence of 
removal scars located on at least two adjacent faces that progressively 
merge into a single convex surface (Falcucci and Peresani, 2018). 
However, our study indicates that the allometric changes, inherent to 
the reduction process, cause a transfer between core types. Depending 
on the perimetral development of the core’s exploitation, both narrow- 
or wide-faced cores could evolve into semicircumferential cores. The 
latter would be thus the result of the extension of the knapping to the 
cores’ flanks. This well-known semi-tournant pattern (Pigeot, 1987) 
allows for both maximized blank production and auto-maintainance of 
the convexities with a characteristic back and forth from the flanks to 
the center of the flaking surface. 

Independently from the reduction taking place on a single or two 
adjacent surfaces (i.e., semicircumferential), the recurrent removal of 
products on narrow and semicircumferential cores will result in a 
morphological change into a typical wide-faced core. Interestingly, 
Falcucci and Peresani (2018) hypothesized that wide-faced cores are a 
direct result of a prolonged successful blank extraction from semi-
circumferential cores, which also complicates the determination of the 
blank selected as core (e.g., nodule, block, chunk), lacking cortical re-
mains and other features useful to determine the blank type. This 
qualitative observation is now further supported by the quantitative 
data produced in this study, demonstrating how wide-faced cores have a 
higher percentage of extracted volume. Nevertheless, there are dis-
crepancies among the reduction proxies. The SDI suggests that 
wide-faced cores exhibit lower reduction intensity compared to multi-
platform and semicircumferential cores. However, this discrepancy may 
be attributed to the greater impact of negative overlap in wide-faced 
cores, as opposed to semicircumferential or multiplatform cores, or it 
could be due to the larger size of the core blanks, resulting in lower SDI 
values for wide-faced cores. A visual examination of the allometric 
changes of cores’ platforms well exemplifies the shift from one type to 
another across one of our experimental reduction sequences (Fig. 10). 

Despite the concept of equifinality being particularly important to 
better frame core reduction in the Protoaurignacian, the relationship 
between core types does not necessarily have to follow a linear transi-
tion from narrow-sided to semicircumferential cores or from semi-
circumferential to wide-faced types (Fig. 11). The exploitation strategy 
can be in fact constant throughout the reduction sequence without any 
significant volumetric change in the core, as attested by the estimated 
reduction intensity in some of the analyzed cores. Likewise, each 
knapping sequence has a distinct rhythm that does not always allow to 
distinguish the type of exploitation carried out by exclusively looking at 
the core at discard. A semicircumferential core could be for instance the 
result of two independent knapping series (e.g., one on a wide face and 
the other on a narrow face) that end up merging into one at an advanced 
stage of reduction. Only extensive refitting programs conducted on well- 
preserved sites would be able to notice such variations and more 
dynamically differentiate between different reduction procedures (see 
Romagnoli and Vaquero, 2019). 

Overall, the unidirectional volumetric concept of knapping and the 
allometric changes across cores oriented according to their longitudinal 
axes (i.e., narrow-sided, semicircumferential, and wide-faced) indicate a 
certain technological fluidity that is a direct consequence of the reduc-
tion intensity. Having said that, allometric changes cannot explain all 
the technological variability described in the Protoaurignacian. Cari-
nated cores, for instance, are characterized by a frontal flaking regres-
sion that penetrates orthogonally along the transversal axis of the blank 
(Falcucci and Peresani, 2018). From a theoretical point of view, it is 
possible that a morphological transfer occurs from semicircumferential 
to carinated cores. This is possible because, through reduction, several 
morphometric changes can occur. For instance, the volumetric features 
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of the core’s flaking surface can be altered using flakes with plunging 
termination, whereas the longitudinal axis of the cores can drastically 
change when thick core tablets are removed. 

However, several lines of evidence suggest that this occurrence is 
negligible. In the Aurignacian sensu lato, carinated cores are a well- 
defined technological category that is exclusively focused on obtaining 
rather short bladelets (Le Brun-Ricalens, 2005). At Fumane, the blanks 
selected for carinated technology are usually thick flakes, whose ventral 
sides are used as striking platforms and are almost never reshaped by 
total core tablets (Falcucci et al., 2017). These core types have been for a 
long time mistaken for thick endscrapers and the possibility that cari-
nated pieces had a dual objective cannot be ruled out. This hypothesis 
has been for the time being dismissed at Fumane thanks to an extensive 
use-wear study of the endscrapers recovered across the Aurignacian 
sequence (Aleo et al., 2021). 

Finally, multiplatform cores highlight the dynamic approach to core 
reduction of Protoaurignacian knappers aimed at maximizing raw ma-
terial use. This technical solution allows knappers to overcome the loss 

of ideal flaking convexities and striking angles by rotating the cores and 
opening new striking platforms. Volumetric re-organizations are usually 
not complex and can take advantage of the removals from the previous 
reduction phases to detach crest-like blanks, as well as using flat surfaces 
as striking platforms. At Fumane, these cores display in most cases two 
independent and consecutive unidirectional reduction sequences, 
although up to three successive platforms are attested (Falcucci and 
Peresani, 2018). 

Our results suggest that most cores have been discarded at the site at 
an advanced stage of reduction, as indicated by both the percentages of 
extracted volume estimated from the VRM and the small size of the 
cores. Noteworthy is the fact that this high degree of reduction intensity 
also includes cores in the early stages of blank production. We can thus 
observe a rapid decrease in the volume of the cores already starting from 
the initial phases of the reduction sequence. All the steps related to the 
cores’ volumetric configuration (e.g., decortication and opening of a 
striking platform) are very costly in terms of raw material, as suggested 
by Eren et al. (2008). Moreover, the previous studies at Fumane have 

Fig. 10. Schematic drawings illustrating the interpretation of the operatory field inferred for the Protoaurignacian cores of Fumane Cave based on the findings of this 
study and the technological analysis of the assemblage. The blue dots display the progression of the knapping. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article). 
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Fig. 11. Sequential phases of the core reduction sequences produced during the experiment with technological and morphological variations. The 3D models views 
are complemented by red dots around the striking platform marking blank removal areas. Left-side plots depict core type shifts relative to the percentage of extracted 
volume. A) Experimental core 1, B) Experimental core 4, C) Experimental core 99. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article). 
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underlined how core maintenance in the Protoaurignacian is very costly 
in terms of extracted volume (Falcucci et al., 2017; Falcucci and Pere-
sani, 2018). While the VRM tends to overestimate the reduction in-
tensity of cores in the early stages of reduction by approximately 10% of 
the percentage volume, the central values obtained for the initial cores 
remain close to 70%, with a range spanning from 25.9% to 86.2%. Ac-
counting for this overestimation, the adjusted percentage falls to about 
60% with a range of 15%–76%. Notably, this percentage aligns with the 
values obtained from the experimental cores used in this study. Specif-
ically, the experimental cores reveal an actual reduction intensity in the 
first phase, recorded with a 3D scan after the first shaping-out removals, 
ranging from 21% to 48.8% of the extracted volume, with a median of 
26%. This reduction intensity increases to a range of between 30% and 
89.2% in the second phase, with a median of 43.9% (see Supplementary 
Table S6). These findings suggest a substantial loss of material in the 
initial phases of the reduction sequences, a quantitative observation that 
aligns with the available refits from Fumane. 

4.2.3. Blank production 
In this study, we have observed that, far from being watertight 

compartments, the core assemblage at Fumane Cave reflects a dynamic 
continuum either as a direct consequence of reduction or as a formal 
reorientation of the concept of knapping. These findings force us to 
rethink the benefits of classifying cores based on their shape at discard 
without taking into consideration their allometric relationships. In fact, 
a risky outcome of such a method would be to apply a typological 
approach to the results of dynamic knapping behaviors. In this frame-
work, the discussion surrounding the production of blades and bladelets 
within a single core reduction sequence is also relevant. At Fumane, it 
can be safely stated that the main goal of blank production is to obtain 
bladelets, which is well evidenced by the greater quantity of bladelets, 
frequently modified by marginal retouch (Falcucci et al., 2018), and 
cores oriented toward their production. However, our results suggest a 
certain flexibility in production objectives, with a transition from blades 
to bladelets throughout the reduction sequence. 

First, the reduction intensity data indicates a greater degree of 
reduction intensity in the cores oriented towards the production of 
bladelets, which is evidenced especially through the quantification of 
the SDI. It should be however mentioned that Lombao et al. (2019) have 
noticed how the SDI results may be influenced by differences in the size 
of the cores, which we can also notice in this study when looking at the 
inversely proportional relationship between volume and SDI values (see 
Fig. 9b,d). Nevertheless, the estimates obtained through the VRM sup-
port the evidence of a greater reduction intensity among bladelet cores, 
despite the results being less pronounced. A second element that allows 
us to infer a transition between production objectives is the differential 
presence of cortex on the dorsal face of blades and bladelets. More 
specifically, blades with cortical surfaces represent around 28% of the 
total blade category, while the frequency drastically decreases to 6% in 
the case of bladelets. This suggests that many of the blades discarded at 
the site were produced in the early phases of the reduction sequences 
when a complete decortication of the core had not yet been achieved. 

The presence of both blade and bladelet scars in some cores points to 
a certain degree of flexibility in exploitation objectives. The removal of 
blades can also occur among bladelet-oriented cores to maintain both 
the distal and lateral cores’ convexities (Falcucci et al., 2017). These 
actions result in a certain subordination of blades to the production of 
bladelets, without a proper linear shift of production objectives 
throughout the reduction sequence. Simultaneous production is thus a 
well-described behavior that is also reflected in the use of maintenance 
blades to manufacture common tools such as endscrapers and burins. In 
the same way as with core types, the allometric changes produced by the 
volumetric depletion of the cores through the reconfiguration of striking 
platforms and distal convexities can be responsible for the modification 
of the production objectives. This flexibility in production objectives is 
thus consistent with the flexibility recorded in the type of exploitation. 

Other elements point to a certain degree of independence between 
the two objectives of exploitation. Among them,the high degree of 
reduction of all cores, regardless of the scars visible at discard, should be 
highlighted, indicating that the exploitation of blades remains constant 
throughout the sequence. The refit of the blade core presented by Fal-
cucci et al. (2017) is a fitting example of this observation. Secondly, the 
existence of types of exploitation oriented exclusively towards the 
exploitation of bladelets, such as in the case of carinated cores, indicates 
that bladelets are the sole objective of this reduction strategy from the 
initial moments of the sequence (Falcucci and Peresani, 2018). More-
over, narrow-sided cores are exclusively oriented towards the produc-
tion of bladelets and present a lower degree of general reduction 
intensity compared to other core types, thus indicating the production of 
bladelets from the early stages of the reduction sequence. This obser-
vation is however not straightforward, as our results underline how the 
production of blades based on narrow-sided cores might have occurred 
in earlier stages of reduction; or in other words before the core went 
through a morphological reorganization, thus changing the type of 
exploitation (i.e., semicircumferential) or the goals. 

The combination of reduction intensity methods and the previous 
technological observations at Fumane (e.g., Bertola et al., 2013; Falcucci 
et al., 2017) permit us to observe at a general level that two different 
patterns in the production of blades and bladelets exist. On one hand, 
there is a production aimed at obtaining exclusively bladelets, while on 
the other hand, a more flexible production that sees either a linear 
change in knapping objectives as reduction increases or an alternation in 
the production of blanks of different sizes that are commonly lumped 
into the categories of blades and bladelets. In the latter case, bladelets 
would be the main objective of the exploitation, while blades would 
correspond to secondary productions resulting from the cores’ recon-
ditioning operations. From a morphological standpoint, bladelets 
appear to be more standardized than blades, as demonstrated thanks to 
three-dimensional geometric morphometric approaches (Falcucci et al., 
2022; Falcucci and Peresani, 2022). This increased standardization in 
bladelet production is expected since functional studies indicate that 
these products were mounted in series along the shafts of composite 
tools (Broglio et al., 2005; Porraz et al., 2010; Rios-Garaizar, 2012) 
whereas knappers selected blades to manufacture tools for which 
characteristics such as the robustness were more important than shape 
(Aleo et al., 2021). In this framework, the Protoaurignacian appears to 
be a highly effective adaptive system that could well cope with different 
environmental settings and climatic shifts, as suggested by Riel-Salva-
tore and Negrino (2018). Future discussions concerning this cultural 
variant should prioritize the dynamic evidence presented by core 
reduction intensity assessments, rather than exclusively concentrating 
on the classification of blank and core types based on their size and 
shape. This approach will allow for a more comprehensive exploration 
of Aurignacian economic behavior over time and across regions. The 
growing body of evidence suggests that throughout the Upper Paleo-
lithic, there was an increase in lithic miniaturization. This phenomenon 
is closely related to human strategies for adapting to changing envi-
ronments, as well as the mobility and settlement dynamics of highly 
mobile foraging groups (Kuhn, 2020; Kuhn and Shimelmitz, 2023; 
Pargeter and Shea, 2019). 

Likewise, reduction intensity studies should be extended to pivotal 
Early Aurignacian sites to assess whether behind the high prevalence of 
carinated cores there exists a specific technological behavior finalized at 
maximizing blank production within an increasingly mobile human 
settlement strategy, which has also been associated with an expansion of 
the ecological niche in response to environmental deterioration (Banks 
et al., 2013). 

5. Conclusions 

This study has provided a platform to explore reduction intensity 
within the earliest Protoaurignacian lithic assemblage at Fumane Cave. 
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Despite its significant relevance to discussions on technological vari-
ability and human behavior, reduction intensity is often overlooked in 
Upper Paleolithic studies. In this paper, we present archaeological 
findings supported by a sequential knapping experiment built upon 3D 
scanning technology. This experiment enabled us to evaluate the per-
formance of the VRM (Lombao et al., 2020) on blade and bladelet cores, 
while also incorporating other measures of reduction intensity, such as 
the SDI by Clarkson (2013). Analyzing laminar cores presents particular 
challenges due to their high standardization and the systematic removal 
of products along a relatively stable morphological axis. Nevertheless, 
the results of our experimental study are highly promising, and this 
adapted VRM method holds great potential for further investigations 
into reduction intensity within Upper Paleolithic assemblages. To 
facilitate future research, we have compiled a step-by-step R Markdown 
file and shared all experimental and archaeological data underlying our 
findings (Falcucci and Peresani, 2023; Lombao et al., 2023a), stream-
lining the application of this method with minimal data preparation 
efforts. 

At Fumane Cave, we have addressed three research questions related 
to reduction intensity, examining variations in raw material exploitation 
within the Protoaurignacian, the technological classification of cores, 
and the interrelationships between blade and bladelet productions. 
Regarding raw material management, we have identified subtle differ-
ences in reduction intensity based on the abundance and proximity of 
available raw materials. The Maiolica emerges as the most abundant 
variety and exhibits the largest number of less reduced cores. The 
identified variability within the operatory field and the production of 
blades and bladelets exemplifies the complex and adaptable nature of 
human behavior. In this context, a clear separation between the oper-
atory fields of blade and bladelet productions cannot be established due 
to the scarcity of cores dedicated exclusively to blade production, the 
simultaneous production of blades and bladelets from the same cores, 
and the shift from blade to bladelet production after the initial phases of 
reduction. In conclusion, this paper underscores the critical role of 
incorporating the temporal dimension, particularly through the assess-
ment of reduction intensity, in the study of stone tool production. This 
approach will allow archaeologists to unravel subtle variations across 
both space and time, thereby facilitating the testing of more compelling 
hypotheses regarding the development of the Upper Paleolithic and the 
adaptive behaviors of Homo sapiens in the diverse ecological settings of 
Europe. 
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variabilité des méthodes et des objectifs. In: Le Brun-Ricalens, F. (Ed.), Productions 
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