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The ca: Marine Isotope Stage (MIS) 11 interglacial is considered to be a threshold for behavioural innovations in
Western Europe. Innovations both in technology and subsistence are observed, as well as the appearance of

Cultural evolution Neanderthal anatomical features. Core technologies and Large Cutting Tools reflect changes in behaviours and

léuroMpfs 1 innovations, with for instance, the onset and diffusion of the iconic Levallois core technology associated with
a. . - . . .
Cladistics more complex and standardized debitage. Following the severe glacial event of MIS 12, the lithic assemblages

yield evidence of both innovations, but the chronology of their appearance remains unclear. For tracking these
innovations and generally characterizing the technological and typological features of this period of time, a large
database of the available ca. MIS 11 assemblages (from MIS 12 to MIS 10) has been built including a revision of
some of the assemblages. In order to unravel the relationship between sites of this period, we applied a cladistic
approach using three-item analysis, considering the assemblages themselves as the object of analysis, with an
emphasis on core technology. We show how three-item analysis is an efficient method capable of correctly
analysing characters from lithic technologies that appear to be intrinsically hierarchical. Our results suggest that
Levallois core technology survived during the glacial event of MIS 12 and diversified during the long interglacial
of MIS 11. Our results also show the absence of cultural endemism, which may be linked to significant mingling
between northern and southern Europe.

Lithic technology
Three-item analysis

1. Introduction

From the point of view of hominin evolution, the long MIS (Marine
Isotope Stage) 11 (including MIS 10 at some sites) stands out in Europe,
where archaeological remains have highlighted this interglacial as a
threshold period, not only in Western Europe, but also in Central Europe
(e.g. Berger and Loutre, 2003; Bazin et al., 2013; Ashton et al., 2006,
2011, 2016; Blain et al., 2014, 2015, 2021; Kleinen et al., 2014; Com-
bourieu-Nebout et al., 2015; Goni et al., 2016; Hrynowiecka and Winter
2016; Oliveira et al., 2016; Sadori et al., 2016; Kousis et al., 2018; Rivals
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and Ziegler, 2018; Szymanek and Julien, 2018; Palumbo et al., 2019;
Brandon et al., 2020; Limondin-Lozouet et al., 2015, 2020, 2025; Dab-
kowski et al., 2012; 2022; Gorecki et al., 2022). Recent data indicate a
rapid increase in temperature at the start of MIS 11 (e.g. Loutre and
Berger, 2003; Candy et al., 2014; Sherriff et al., 2021; Stefaniak et al.,
2022; Tzedakis et al., 2022; Sassoon et al., 2023). This interglacial and
its relative stability deeply modified the size of the available territories
for hominins (e.g. north-west of Western Europe) and possibly opened
ways of dispersing and adapting to new animal and vegetational zones.
The establishment of the Strait of Dover is dated to end of MIS 12,
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thereby reducing the land link to Britain from the continent to dryland
across the southern North Sea Basin during MIS 11 (Gibbard, 2007;
Gupta et al., 2007; Hijma et al., 2012). MIS 12 was a severe glacial
period and is considered as a major challenge for hominins with an
abrupt decrease of human evidence with gaps and hiatuses. The subse-
quent shrinking of coastal territories and new vegetational zones in the
long interglacial of MIS 11 (424 ka to 374 ka), may have encouraged
hominin occupation of the interior and mountainous regions, and with
increased evidence of occupation in the north-west and south of Western
Europe (Hérisson et al., 2016; Hosfield and Cole, 2018; Lopez-Garcia
et al., 2018; Moncel et al., 2018a, 2018b; Antoine et al., 2021; Hosfield,
2022; Kot et al., 2022; Rodriguez et al., 2022). European vegetation was
key in driving biomass availability for large herbivores and affecting the
mobility of human groups and perhaps demographic expansion.

Current genetic data and anthropological analyses show that Euro-
pean Neanderthal characteristics emerged as a regional mosaic of
anatomical features between 600 and 400 ka perhaps through local
isolation of some groups (Green et al., 2008; Hublin, 2009; Martinon--
Torres et al., 2012; Meyer et al., 2016; Demuro et al., 2019; Bergstrom
et al., 2020; Lockey et al., 2022). However, the diversity of anatomical
features, such as the Ceprano skull alongside other remains attributed to
Homo heidelbergensis, suggests a complex European history with local
diversification during MIS 11, which may have increased through the
expansion of favourable territories for hominins (Manzi, 2016), prior to
homogenisation of the Neanderthal metapopulation from MIS 5
(Condemi, 1985; Vandermeersch, 1989; Hublin, 1998).

The greater number of sites located in both north-western and
southern parts of Europe (i.e. lithic assemblages with a clear strati-
graphic context) helps investigation and description of evidence of new
subsistence behaviours and technical innovations (e.g. core technologies
and tool kits) (Limondin-Lozouet et al., 2010, 2015; Dabkowski et al.,
2012; Wisniewski, 2014; Mathias et al., 2017; Garcia-Medrano et al.,
2015, 2023; Hosfield and Cole, 2018; Moncel et al., 2016, 2018a, 2018b,
2020a, 2021a; 2021b; Lopez-Garcia et al., 2018; Davis and Ashton,
2019; White et al., 2019; De Lombera-Hermida et al., 2020).

For instance, the onset of Levallois core technology and increase in
centripetal/discoidal-type debitage are now clearly recorded in different
places and dated from the end of MIS 13 to MIS 12-11 (Moncel et al.,
2021a,b). These new technologies are associated with the persistence of
a diversity of various complex knapping methods depending on several
aspects, such as the quality of the raw materials (Gagnepain and Gail-
lard, 2003; Michel et al., 2013; Ollé et al., 2016; Peretto et al., 2016;
Daura et al., 2017, 2018; Romagnoli, 2021; Bahain et al., 2022; Gui-
bert-Cardin et al., 2022). Like biological lineages which can develop
anatomical features which then disappear, some innovations can be
occasionally rooted in the past, before MIS 12, possibly disappearing
during the glacial event of MIS 12 and emerging again during MIS 11.

In some areas there is evidence of networks and of regionalization of
traditions with possible regional mobility of human groups associated
with specific land-use (Villa et al., 2016; Pereira et al., 2018; Biddittu
et al., 2019; Moncel et al., 2020a, 2020b; Ravon et al., 2022; Garcia--
Medrano et al., 2022a, 2023). Raw material management and planning
are observed in some sites, with not only gathering of local stones but
fragmentation of the reduction sequences across the territory. Flint is the
main raw material for north-west of Europe, while in the south in-
dustries are characterized by the use of various stones and it is admitted
that the geological resources could have impacted the technological
strategies and the tool kit. For instance, few cleavers are present in the
north-west, possibly due to the main use of flint nodules while in the
south various cobbles make for the easy production of large flakes
(Mourre, 2003).

Bifaces (“Acheulean-type” industries) continue to be made, with
origins prior to MIS 12, although some sites lack these tools. There is a
diversity of traditions, some reflecting early Middle-Palaeolithic-type
behaviours, while different activities (e.g. butchery sites) are proposed
to explain the composition of some assemblages. There are changes in

Quaternary Science Advances 21 (2026) 100314

shaping methods and morphological products with both thinner, sym-
metrical handaxes, sometimes resharpened, with a high degree of
standardization, or sometimes crudely-made bifacial tools. Such vari-
ability could be due to the disruption of MIS 12, with possible local
isolation of residual populations (lovita et al., 2017; Moncel et al., 2018;
Barsky et al., 2019; White et al., 2019; Méndez-Quintas et al., 2020;
Nicoud et al., 2022; Garcia-Medrano et al., 2023). Changes in subsis-
tence behaviours are also recorded with improved hunting strategies,
more complex management of carcasses and manufacturing of bone
tools (Yravedra et al., 2010; Conard et al., 2015; Moigne et al., 2016;
Rodriguez-Hidalgo et al., 2017; Parfitt et al., 2022; Venditti et al., 2022).
These behavioural changes suggest increased cognition with new skills
and social interactions that help the diffusion of innovations, and indi-
cating a decrease in the constraints of raw material (Moncel et al., 2015;
Shipton and White, 2020). Finally, early fire control (especially from
MIS 11 and possible evidence from MIS 13) could have contributed to
new hominin abilities to expand territories with behavioural adaptions
for better survival in Northern and Central Europe (Kretzoi and Dobosi,
1989; Gowlett and Hallos, 2000; Preece et al., 2006; Lumley, 2015;
Davis and Ashton, 2019; Sanz et al., 2020; Ravon et al., 2022; Davis
et al., 2025).

This threshold in Western Europe, corresponding to the end of the
Lower Palaeolithic (and Acheulean) and the beginning of the Middle
Palaeolithic, is at present under-investigated, in particular in regard to
why and how innovations appeared and were transmitted among pop-
ulations (Derex et al., 2016; Grove, 2016). The reasons underlying these
behavioural changes, pushing back the roots of the Neanderthal world,
have yet to be identified: was this behavioural evolution rooted in pre-
vious traditions and how is it possible to observe that in MIS 11 sites?
Was it due to arrivals of new populations or the onset of Neanderthals
from Homo heidelbergensis (and Middle Pleistocene hominins) with in-
novations? Is the higher number of sites reflective of increased popu-
lation, rather than explained by taphonomy and better preservation? If
so, was this conducive to early regional networks and the diffusion of
innovations, or was it due to environmental adaptation to changes in
climate?

Before we can answer these questions, we need to give a historical
perspective to these technological changes by analysing the relation-
ships between MIS 11 sites in order to reflect the cultural evolution of
the period. Such a perspective raises questions on filiation, reinvention
or introduction of new lithic strategies, loss or acquisition of techno-
logical behaviours or tools, and impact and constraints of environmental
parameters such as the availability of raw materials and the role of ge-
ography. In order to resolve the general problem of the history of lithic
innovations during MIS 11, several more specific sub-questions can be
addressed:

e Evidence of Levallois core technology is dated to the transition of
MIS 13/12 (i.e. Boéda, 1993, 1994; Moncel et al., 2020b; White
etal., 2011, 2024) and exists in different assemblages during MIS 11
and MIS 10. If an early date is accepted, did this technology persist
through to MIS 11, but is archaeologically difficult to identify due to
the low population during MIS 12? Or was there reinvention (in
situ?) after MIS 12? During MIS 11, as this technology is observed in
different places, did it appear in one place and spread, or appear
independently in several places?
Discoid-type cores sensu latu (s.l.) and centripetal cores are often
considered to be the origin of the Levallois method. As increased
complexity is recorded in centripetal and discoid-type core tech-
nologies during MIS 11 (hierarchy in the debitage with bifacial
discoid cores sensu stricto (s.s.), prepared platform, productivity),
can we use these trends to estimate a degree of filiation and/or
cultural evolution of human groups, and their roots in the past?
e For the heavy-duty component, can regional or chronologically
constrained clusters of sites be identified, with relationships
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recognized by the mode of “faconnage”, the intensity in shaping for
some assemblages and the composition of the tool kit?

In this study, we use a cladistic approach based on the presence of
technological innovations, to identify cultural groups and relationships
between as many lithic assemblages as possible that broadly date to
around MIS 11. A few sites from other periods were also added in order
to discuss the temporality of the cladogram. The work is based on a large
database of the most significant sites in Western Europe (SOM 1, 2) with
chronological data, archaeological context, together with cultural data
and technological details for each site. We apply a cladistic analysis
using three-item analysis (3ia thereafter; Nelson and Platnick, 1991) on
characters based on the technological data and innovations on both
flaking methods, Large Cutting Tools (LCTs) and small tools, for each
site. The principle of cladistic analysis is not to choose a priori one
character that would be the only relevant one for reconstructing cla-
distic relationships. The process of bringing different types of characters
into congruence is the procedure that makes it possible to show a pos-
teriori that a given character is relevant for resolving the relationships
between given sites, i.e. synapomorphic. This implies that a character
may be relevant for certain relationships, but not all.

As a detailed discussion of typological terminology is beyond the
scope of this paper, for the LCTs, we refer to the large shaped tools
(sensu Kleindienst, 1962) using commonly accepted terms for the Lower
Palaeolithic, such as choppers/chopping tools or pebble tools, as well as
typical Acheulean forms such as bifacial handaxes, cleavers, picks, or
knives (e.g., Bordes, 1961; Kleindienst, 1962; Leakey, 1971; Isaac and
Isaac, 1977; Sharon, 2007).

Using a precise quantification of three-item statements (3is there-
after) and the computation of several analytical tools such as the
retention index (Kitching et al., 1998) for character and character states
using analytical tools (Rineau and Zaharias, 2025), the resulting clad-
ogram is discussed to quantify the link between clades and characters in
order to answer the question of the historical development of lithic in-
novations at the onset of MIS 11.

2. Materials and methods
2.1. Archaeological sites database

Our study is based on a large data set of 47 layers from 42 archae-
ological sites in Western Europe from France, Italy, Iberian Peninsula
and England, to which we have added some sites from Germany,
Ukraine and Hungary (see tables). The sites include various biomes and
landscapes with open-air locations on the North European plain
(southern England and northern France) and both open-air and cave
sites in southern basins and valleys. The largest quantity of sites is
however mostly located in Western Europe, explained by either better
preservation of sites, historically more excavations or a higher density of
human occupation in this part of the continent at this time. We are
conscious of biases in this database due to the limited amount of qual-
itative and quantitative data published for some sites, and by variability
in methods used to study them. These factors may affect the represen-
tativeness of the dataset and should be taken into account when inter-
preting the results.

The database is made of sub-datasets. The first informs on all the
contextual and technological information on the archaeological sites
and levels, using published and unpublished data, including some of our
own reviews of the material. The main references are also listed on the
database (SOM 1). The description lists the context of the occupations as
primary, where remains are found within the sedimentary deposits, and
secondary, when remains have been reworked and not in original de-
posits. Chronologically, we have focused on the ca. MIS 11 event and we
have enlarged the database to key-sites from the end of MIS 13/begin-
ning MIS 12 to MIS 10 (e.g. Cagny-la-Garenne I-II, TD10.1 Gran Dolina,
Aridos I, Cueva del Angel, Cueva de Bolomor, Ambrona, Torre in Pietra
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and La Micoque) (Santonja et al., 1980, 2001; Fernandez Peris et al.,
2008; Yravedra et al., 2010; Méndez-Quintas et al., 2020). In order to
test the hypothesis of past filiation of some innovations, we have
included the French sites of Cagny-la-Garenne I and II dated to MIS
13/12 for the early Levallois evidence (Moncel et al., 2020b). Environ-
mental proxies have been recorded to provide chronology (mammalian
biostratigraphy, geology, malacology, palynology) and to reconstruct
the climatic context (temperature - warm, mild, cool or cold).

For the location of each site, the geographical coordinates (longi-
tude, latitude, altitude), topography (fluvial, fluvial without terrace
information, hill, lake, mountain, plateau, lake-shore, valley, valley-
edge), general location (inland, continental, coastal) and type of site
(cave, open-air, shelter) have been recorded. Also included are data
regarding the size of the excavations and density of the material, to help
explain any biases in the record and the paucity of some assemblages.

A large corpus of data refers to the archaeological patterns: presence
of fire and main features, human remains (number and types of re-
mains), raw materials (types, distance - local, semi local and exogenous),
lithic remains (number, main technological activity flaking and/or
shaping, fragmented and/or complete operative chains), hard and/or
soft hammerstones, function of the site (butchery site, camp, workshop),
subsistence data, duration (long-term, short-term, seasonal) and faunal
remains (herbivore and carnivore types). In this database, we have
avoided cultural attribution, as for instance Clactonian, Acheulean and
Middle Palaeolithic-type. These attributions are often questioned
depending on the size of the excavated area, the type and date of the
excavation (old surveys on open air surfaces) or the kinds of criteria
selected, and are therefore not suitable for defining homologies in the
context of cladistics (see Fig. 1).

This study is based on additional sub-databases, in which we have
divided detailed technological patterns into two main fields: flaking
(cores and flakes) and shaping processes (Large Cutting Tools-LCTs- and
small retouched tools on flake) (Figs. 2 and 3).

Core technology includes data on each raw material, (if known)
number and ratio of various technological and metrical parameters, as
for instance, core size, number of flaking faces (unifacial, bifacial, tri-
facial and multifacial), number and organization of removals. We have
also included some features considered as marks of technological
complexity such as hierarchical organization of removals and type/
preparation of striking platform. Due to the diversity of approaches, the
database has included first a long list of terminologies found in the
literature for core structure. In order to simplify and harmonize, we have
reduced the terminology to this following list: Unipolar, Bipolar, Alter-
nate flaking (including S.D.D.A.”Surfaces de debitage alternées’- and
“Clactonian” debitage), Orthogonal (orthogonal to multifacial, cores
with more than two flaking surfaces), Centripetal, Discoid (s.] and s.s
with pseudo-Levallois products) and Levallois (i.e. Boeda, 1993, 1994;
Peresani, 2003; Baena et al., 2017; White et al., 2024). The definition of
Levallois core technology is generally well-established (Boeda, 1993,
1994) despite the use of this term being sometimes questioned for early
examples using proto-Levallois, pre-Levallois, prepared cores, or simple
prepared cores (White and Ashton, 2003; Moncel et al., 2021a,b; White
et al., 2024). It has been questioned as to whether Levallois evidence
exists in the UK before MIS 9/8, a late arrival being related to a warming
event (White et al., 2024), as is possibly the case in Central Europe
(Wisniewski, 2014). “Prepared core technology”, being sometimes
related to Levallois, has also been called into question by White et al.
(2024).

For products of debitage, we have recorded data by each raw ma-
terial, and (if known) number of remains and ratios, sizes, type of flakes
among the reduction processes, platform (prepared and/or non-
prepared), number and organization of removals, and cortical extension.

The light-duty component (i.e. flake-tools) has been recorded
(number and ratio) by each raw material, the type of flake-tool, type of
support, size, type and extension of retouch.

Finally, the LCTs were described first in general with types of raw
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Fig. 1. MIS 11 sites in Western Europe (©GorkemCenkYesilova @IPHES-CERCA).

material and large categories (number and ratio). Then each category
(handaxes, cleavers, picks, pebble tools, bifacial tools, “rabots”, crudely-
made tools) was described for the size, support (flake, nodule, pebble
and others), form, symmetry, extension of the shaping (number of re-
movals and series) and cortex, final retouch, percussion and mode of
shaping.

2.2. Cladistic analysis

The cladistic analysis using 3ia (Nelson and Platnick, 1991) was
applied as a pilot study to lithic assemblages from several layers from the
Italian site of Notarchirico (Rineau et al., 2023). The analyses made it
possible to detect non-random cladistic structure supplementing the
traditional technological analyses which had not shown any statistically
significant differences between the studied assemblages (Moncel et al.,
2020). The 3ia is a cladistic method that codes characters as inclusive
hierarchies (Nelson and Platnick, 1981; Cao et al., 2007). The method
only allows the terminals in the analysis to be grouped together on the
basis of shared derived character states (Williams and Ebach, 2006).
Using 3ia therefore prevents the formation of groupings supported by
plesiomorphic states such as in parsimony, criticized as being a remnant
of phenetics allowing entities to be grouped indifferently on the basis of
absence and/or presence, unlike cladistic methods which only group
entities on the basis of presence, i.e. derived states, i.e. evolutionary
innovations. A summary of the relative merits of cladistic analysis and
3ia in the context of evolutionary archaeology has already been pro-
duced by Rineau et al. (2023).

Such an analysis was based directly on databases of lithic objects for

each layer. This method, which is useful for gathering homogeneous
data from equivalent sites, was not possible here. In fact, the sites
analyzed in this study had to be synthesized beforehand by literature
review with additional data recorded by the project. From the initial
database (see SOM), we have selected the most relevant sites due to the
quantity and quality of the information, and the number of available
materials to avoid disturbances in the comparison. The poor record of
some assemblages would have led to problems in the analysis. The
archaeological data did not allow us to distinguish between missing data
that was due to a lack of sampling and a true absence, thus, coding
poorly known sites would have led to errors. The inclusion of these sites
would distort the analysis by using poor assemblages from which their
lithic composition is more the result of a taphonomic bias or ancient
excavations than a real distribution. Lademagne, Clacton, La Celle, Saint
Acheul, Solana del Zamborino, Hitchin and Chadwell St Mary, were not
included in the analysis due to the lack of too much important infor-
mation that we have recorded or exists at these sites. This left, a total of
40 terminals representing lithic assemblages from 34 European sites
making up the sampling.

We decided to analyse these sites directly from a synthetic matrix,
which enabled us to skip directly the part of transforming homologies on
lithic objects into characters on lithic assemblages (more detailed ex-
planations of the protocol in Rineau et al., 2023). By directly producing
the cladistic characters relating to the sites from a database designed
specifically for this study of relationships between sites of MIS 11, we
have nevertheless sought to code the sites in the most similar way
possible in order to reflect the different behavioural acquisitions over
time. Our approach, that aims at retrieving relationships between sites,
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Fig. 2. Examples of cores from European MIS 11 sites: A-B, La Noira stratum a (France); C and F, Guado San Nicola (Italy); D-E, La Noira stratum a (France); G-H, La

Cansaladeta Level J (Spain); I, Terra Amata (France); J, Elveden (UK).

is qualitative: the presence of a technological innovation on a site makes
it possible to hypothesize the complete cultural acquisition of the
innovation. There is therefore no need for a threshold number of objects
in order to validate their evolutionary significance. In this way, the
cladistic approach, essentially qualitative, avoids the problem of sites
not being equivalent in terms of sampling effort. However, with single
examples of a technology, it is dependent on inter-analyst consistency,
and correct identification of more ambivalent examples, such as a
chance preferential flake on a core, resembling Levallois.

Each character state can be understood as a hypothetical grouping.
In the end, only four characters make up the analysis, but correspond to
24 derived states. We could have produced a matrix with 24 binary
characters, for example absence/presence of Levallois. However, there is
additional hierarchical information. For example, for the flaking
methods, the centripetal, discoid and Levallois technologies can be
grouped together in relation to the orthogonal technology since these
three technologies involve a hierarchical organisation of removals.
Furthermore, these four states can be grouped together as complex core
technologies compared to unipolar, bipolar and alternate flaking tech-
nologies. As a result, the structure of information technologies is
intrinsically hierarchical. The hierarchical structure of the characters
means that the states can be directly coded hierarchically in 3ia
(Faure-Brac et al., 2020). If it seems unusual to merge character states

like this, it is partly because combining numerous states tends to
generate a lot of repetitions, which is equivalent to polymorphism in
phylogenetics. However, we used the free-paralogy (Nelson and Ladiges,
1996) algorithm designed in Rineau et al., (2023) in order to cut char-
acter trees and eliminate repetitions while conserving the maximum
amount of cladistic information. Following this protocol, we were able
both to capture the intrinsic hierarchical information of lithic technol-
ogies and to remove the high number of repeated terminals without
altering the original statements.

Three large sets of items, supplemented by a character derived from a
statistical analysis of the relative proportions of lithic objects, were
distinguished in order to produce four characters that were as infor-
mative and resolved as possible. Each resulting tree is displayed in Fig. 4.
In each case, we indicate the title of the character and the corresponding
hierarchy, i.e. the tree hypothesis (the character), in Newick format (see
Cao et al., 2007). The brackets indicate the postulated relationships
between states.

2.2.1. Character #FM: core flaking methods (0,(((1),(2),(3)),((4),((5),
(6),((7),(8),(99)))))

Sites without cores are coded 0.
Presence of cores and types (((1),(2),(3)),((4),((5),(6),((7),(8),(9)))))
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A

Fig. 3. Examples of Large Cutting Tools from European MIS 11 sites: A-F,
Guado San Nicola (Italy); G-H, Swanscombe (UK); I-J, Elveden (UK).

Simple core technologies (1,2,3)

Unipolar (1)

Bipolar (2)

Alternate flaking (3)

Complex core technologies (4,5,6)

Orthogonal to multifacial (4)

Centripetal (5)

Discoidal (6)

Hierarchical organization of removals (7,8,9)
Complex centripetal (7)
Complex Discoidal (8)
Levallois (9)

Comments — Character #FM allows extrapolation of potential re-
lationships between lithic assemblages, based on core technologies,
divided into simple and complex. All sites with unipolar cores include
type A and type B of de Weyer et al. (2022). Sites with bipolar cores are
grouped together. Sites with alternate flaking (two flaking surfaces)
include type C and S.S.D.A. of Forestier (1993) and de Weyer et al.
(2022). By the intensity or complexity of the core management,
orthogonal to multifacial (more than two flaking surfaces), centripetal,
discoidal (s.l. and s.s.), and Levallois technologies have also been
considered to be informative characters, the three last above all being
states close to each other. Finally, the increase of complexity due to the
presence of both prepared striking platform and hierarchical organiza-
tion of removals is also coded as informative, with three modalities
(7-9). As many repetitions occur, such as complex discoidal appearing
both in character states 6 and 8, we removed the redundancy by
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applying the free-paralogy subtree following the procedure of Rineau
et al. (2021). Such a coding is directly inspired from Faure-Brac et al.
(2020) which faced the same issue.

2.2.2. Character #LCT: large cutting tools types (((0),(1)),(2,(3),(4)))
Heavy duty tools s.L

Chopper and Chopping-tools (Pebble tools) (0)
Picks (1)

Large Cutting Tools s.s.

Handaxes (2)
Pre-shapes and Proto-handaxes (3)
Cleavers (4)

Comments — This second character is related to Large Cutting Tools s.
1. (LCTs). Sites are gathered based on the presence of heavy-duty tools
(Pebble-tools and picks) on the one side, and based on the presence of
handaxes (LCTs s.s.) on the other side (bifaces, cleavers and crudely-
made handaxes). The presence of some specific tools such as ‘rabots’
(large thick crudely-made scrapers) was not informative, as it does not
allow the clustering of several sites.

2.2.3. Character #ST: small tools types ((0),(1,(2),(3),(4)),((5),(6),(7),
(8))

Marginal and isolated retouch.
Notches (0)
Continuous retouch (1)

Marginal (2)
Denticulates (3)
Continuous retouch (scrapers) (4)

Other and special types.

Endscrapers (5)

Invasive and scaled retouch on scrapers (6)
Convergent tools (7)

Burins and others (8)

Comments — This third character concerns small tool types. Notches
are isolated in a specific character state, as it is the only representative of
the marginal and isolated retouch group. Sites are also lumped together
by small tools with continuous retouch, and by the presence of special
types of tools.

Most of the sites yield cores, LCTs, and small tools. However,
although our approach is fundamentally qualitative and discrete, we
also sought to capture potential quantitative information on the lithic
assemblages. We therefore sought to discretize the relative proportions
of cores, small tools, and LCTs. We used an agglomerative clustering
using euclidean distances and a ward criterion to discretize two clusters
that were coded as two potentially informative character states, allow-
ing to obtain a qualitative treatment to quantitative data. Using visual
inspection, no discretization of the distribution was obvious. Thus, we
chose to limit to two the number of clusters generated to limit the
amount of information in the form of three-taxon statements generated.

2.2.4. Character #clusters: lithic assemblages constitution ((0),(1))

Cluster 1 (0)
Cluster 2 (1)

A final type of data is likely to be able to provide information, but
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poses serious problems. This concerns the raw material used to produce
lithic objects: chert/flint, limestones, quartzite, sandstone, volcanic
rocks, etc. This characteristic may reflect a vertically transmitted
behaviour, a specific interest in a particular raw material, the choice
being the initial step of the “chaine opératoire”. However, it might only
reflect the real abundance of a raw material in the environment, an
extrinsic character. If so, it is likely to alter the result of the cladistic
analysis by grouping sites together not on the basis of shared constitu-
tive elements, but on the basis of extrinsic factors, i.e. the presence of
specific types of raw material in the immediate environment. In north-
west Europe, flint was the main raw material due to its wide availabil-
ity in sedimentary basins. In the South, a diversity of stones is collected
by the environmental and mineral diversity. We have therefore chosen
not to include any characters relating to raw materials after testing that
there was no significant difference with or without this character in the
analysis. The fact is that it cannot be demonstrated whether it is one case
or the other. It is therefore on the basis of a precautionary principle that
we had to avoid taking this criterion into account. However, it would be
interesting to develop a methodology to extract behavioural similarities,
in identifying whether or not there is a preferential choice of material,
uncorrelated with the environment.

Thus, a first analysis of 40 lithic assemblages was coded in a matrix
together with 26 character states grouped in four main characters, with
the aim of establishing a tree linked showing technological and typo-
logical behaviour features. This was in order to identify the first signs of
regionalization suggested with the development of Middle Palaeolithic
diversity and spatial distribution of innovations. Due to the way the
technological information was recorded in the database, there are more
#FM character states (#FM.0-9) than any other. However, this also re-
flects the more easily identifiable hierarchical relationships with cores.
It is acknowledged that this might downplay the role of handaxe vari-
ation, which is more suited to detailed technological analysis in com-
bination with 3D Geometric Morphometrics (e.g. the WEAP Method;
Garcia-Medrano et al., 2022, 2023). But, as this paper is primarily
seeking an understanding of innovation towards Middle Palaeolithic
behaviours, as opposed to the origins of the Acheulean, this is best
addressed through a deeper understanding of the chronological re-
lationships between different core technologies.

2.3. Retention index

To complete the qualitative discussion of the cladogram, we quan-
titatively analyzed the results of the cladistic analysis by directly
quantifying the amount of phylogenetic information contained in the
characters and the amount of information involved in supporting the
tree. To achieve this, we mainly used the retention index that was
developed initially in parsimony and that is a central tool for 3ia
(Kitching et al., 1998). For explanatory purposes, we needed to recall the
definition of several terms that are specific to cladistic analysis. Note
that if these terms are debated in cladistics (Gopel and Richter, 2023),
3ia is coherent with specific definitions that are presented below. In
cladistics, it is necessary to distinguish between the entities to be
analyzed and their parts. In order to understand the cladistic relation-
ships between different entities (here, sites; in phylogeny, taxa), it is
necessary to analyse the parts that make up these entities (here, sites are
made up of lithic objects; in phylogeny, taxa can be divided into
anatomical parts, for example).

Homology: a statement that several parts are the same related to
others, based on vertical transmission (Nelson, 1994). Each level of
sameness is called a homolog. Homology relates homologs, defined by
Owen (1843: 379) as “the same organ in different animals under every
variety of form and function”. Thus homology is a nested relationship of
relative sameness among homologs.

Homoplasy: a rejected statement of homology after the cladistic
analysis. The parts cannot be considered to be the same; hence, they
cannot be explained by simple vertical transmission (De Pinna, 1991).
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Character: a statement that different entities are related to others,
extrapolated from homology. Each character-state corresponds to a
homolog.

Synapomorphy: a character-state accepted after cladistic analysis that
characterizes a clade of a cladogram. A synapomorphy statement links
parts and entities.

The retention index has a particular history. It was simultaneously
proposed by Archie (1989) and Farris (1989a, b) in the context of cla-
distic analysis using the parsimony method. Both propositions aimed to
compute the proportion of extra-steps present in the hypotheses-set in
relation to the maximum possible number of steps in either case. How-
ever, Archie applied the formula to matrices of characters whereas Farris
calculated the retention index per character. Most interestingly, each
author interpreted their index in a very different way. Archie called his
index ‘Homoplasy Excess Ratio’ and considered it as a measurement of
the complementarity of homoplasy. In cladistics, homoplasy is generally
understood as the contrary of (secondary) homology (De Pinna, 1991),
the primary homology being a hypothesis of grouping that can be
accepted (secondary homology) or rejected (homoplasy). However, in
parsimony analysis, homoplasy is considered more specifically as a
quantity equivalent to the number of extra-steps. However, quantifying
secondary homology as the contrary of a number of extra steps is of no
meaning.

On his side, Farris considered his retention index as a measurement
of the complementarity of the distortion, a coefficient he proposed in
1973 that was supposed to measure the disagreement among (phenetic)
trees. Farris (1973) method produced a matrix of OTUS x Clusters. Each
OTU was coded as ‘1’ if the OTU was present in the cluster in the source
tree and ‘0’ if it was absent. Distortion measured how many times a
cluster from the first phenogram appeared broken in the second one, in
relation to the maximum number of possible fragments. In order to
count the fragments, Farris used extra-steps using the parsimony
method. Thus, distortion measured, at least operationally, the propor-
tion of states included in a cluster characterized by another state. The
retention index of Farris (1989a) is, indeed, calculated as the comple-
mentarity of the distortion formula. The distortion coefficient d is
calculated as:

d— ES — ESpin
Esma.x - Esmin

Where ES is the number of observed extra-steps, ESpax is the maximum
number of extra-steps on any tree, and ESpy is the minimum number of
extra-steps (i.e. the number of character states — 1 in unordered char-
acters). Finally, the retention index RI is defined 1 - d, hence

ESpex — ES
Rlyarsimony = —ommax — 2
parstmony ESmaX _ ESmm

Farris (1989a,b) considered that the retention index measured ‘the
fraction of apparent synapomorphy in the character that is retained as
synapomorphy on the tree’. However, the Farris definition faces several
problems. The first one, is that, in the parsimony method, both the
character or the ensemble retention index are measured on unrooted
trees, where both synapomorphy or homoplasy are not defined. A sec-
ond one is illustrated by the following examples. Let's take the tree (a,b
(c,(d,(e,(f,2))))) where c, d, e, and g bear the derived state ‘1’ of a binary
character. This character has an extra-step and its RI = 0.5. Now, let's
take the same tree and character, with a third outgroup x, identical to
the other two outgroups present in the first tree has been added which
consequently does not bear the apomorphic state: (x,a,b(c,(d,(e,(f,£)))).
Obviously, neither the amount of homoplasy, i.e. extra-steps, or ‘frac-
tion’ of synapomorphy has changed: the group (c,de,f,g) is mono-
phyletic, its synapomorphy is the character-state ‘1°’, and, because F
shows the plesiomorphic character-state ‘0, there is still an extra-step.
However, the retention index changes from 0.5 to 0.67. The reason is
that the proportion of distortion of the character has changed and, in the
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parsimony method, this is what the retention index actually measures.
Distortion may be measured on unrooted trees. Character-states parti-
tion taxa into several disjoint classes. Distortion measures how many
instances of any character-state other than the one that defines a
particular class are found in this particular class. The trees presented
above have different potential distortion (but the same amount of ho-
moplasy and synapomorphy as understood in the parsimony context)
and have, as a consequence, different retention index values. The
retention index is thus a measure of the complementarity of the distor-
tion, a measurement whose utility can still be understood in the parsi-
mony context.

In the context of 3ia, however, the retention index can be fruitfully
redefined to circumvent the issues raised in parsimony. The ‘fraction of
apparent synapomorphy in the character that is retained as synapo-
morphy on the tree’ can be quantified by using 3is. In 3ia, and, more
generally, in the theory of phylogenetic systematics (Hennig, 1966),
synapomorphy is a grouping hypothesis, and a 3is a minimal statement
of grouping derived from the decomposition of a character. Each char-
acter state is a putative synapomorphy, any 3is can be understood as
minimal fragment of synapomorphy hypothesis stating that two termi-
nals are more closely related between them than to a third. For this
reason, a 3is, as any hypothesis, can only be rejected or not. The
retention index in 3ia is thus the proportion of hypotheses of grouping
that are compatible with the general solution, i.e. the proportion of
accepted 3is (Kitching et al., 1998). In other terms, the retention index of
a character corresponds precisely to the proportion of 3is retained by the
cladogram (Fig. 5):

Character
a b C d
Character
states
X
a\c>/d
a b d
Triplet
set
Fracti.onnal % || 1
weight
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Rlper character =
P C

C being the amount of 3is generated by the decomposition of the
character, and T the number of 3is from C that are also present in the
cladogram. A 3is rejected by the test is therefore simply a 3is incom-
patible with the optimal tree. Hence, we found here a complementarity
between secondary homology that can be related to the amount of
accepted 3is T, and homoplasy that can be related to the amount of
rejected 3is C-T. Any variation of RI can be easily understood in terms of
accepted and/or rejected 3is fluctuations. Finally, we note that the use of
Rl in 3is is made using solely rooted trees from the beginning to the end
of the analysis, precluding the use of non-cladistic structures such as
unrooted trees that cannot correctly represent cladistic groupings.

The ensemble retention index can also be soundly interpreted in the
context of 3ia. It is a measure of the proportion of 3is that fits the
cladogram. The global retention index is thus the optimality criterion of
the 3ia and can be computed for any cladogram and for any i > 1
characters as

M:

T;

Il
—

Rlya =

G

-

||
—

Thereafter, we discuss both the Ri that represents the fraction of
accepted statements, the values of C; that quantify the weight of each
character in the analysis, and T; that represent the weight of each

a

v

b C d
Y

a\c>/d

b C d

Fig. 5. Rationale of retention index in three-item analysis as a measure of congruence between a cladogram and one or several trees. The retention index is the ratio
of three-item statements from a character tree that are in agreement with a cladogram.
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character in supporting the final cladogram. In 3ia, the retention index
really calculates the fraction of information contained in the character
retained in the cladogram (Kitching et al., 1998). Here, the number of
3is independent of the character retained in the cladogram = the frac-
tion of synapomorphy contained in a character. At 0, no information
from the character is used to support the cladogram (no 3is retained). In
supporting the cladogram (no 3is retained), whereas at 1, all the infor-
mation contained in the character is used to support the cladogram (all
the 3is are retained). Thus, optimal tree, i.e. the tree that maximizes
compatibility is always the tree that maximizes the ensemble retention
index.

Finally, a highly desirable property of 3ia is that it takes into account
the information content of characters (Nelson and Ladiges, 1992). the
fractional weight (FW) of each independent 3is into which a character is
analyzed represents what might be called a minimal unit of cladistic
information (Rineau et al., 2021). The amounts of 3is rescaled by their
fractional weights might be used to remove issues of dependency
amongst 3is.Due to the way the technological information was recorded
in the database, there are more #FM character states (#FM.0-9) than
#LCT character states (#LCT.0-4). However, this also reflects the more
easily identifiable hierarchical relationships with cores. It is acknowl-
edged that this might downplay the role of handaxe variation, which is
more suited to detailed technological analysis in combination with 3D
Geometric Morphometrics (e.g. the WEAP Method; Garcia-Medrano
et al., 2020; 2022, 2023). But, as this paper is primarily seeking an
understanding of innovation towards Middle Palaeolithic behaviours, as

Table 1
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opposed to the origins of the Acheulean, this is best addressed through a
deeper understanding of the chronological relationships between
different core technologies.

3. Results

The hierarchical matrix (Cao et al., 2007; SOM 3) of 26 informative
character states and 40 lithic assemblages analyzed with 3ia using
Agatta software (Rineau and Zaharias, 2025) resulted in a single optimal
tree. All character trees have been decomposed into three-taxon state-
ments and weighted using fractional weighting (Rineau et al., 2021) to
remove redundancy. Then, the retained optimal tree is the one in
agreement with the maximal amount of statements. The optimal tree has
been computed using heuristics algorithms of PAUP* (Swofford, 2003)
and WQFM (Mahbub et al., 2021) modified for the specific use of 3ia.
Repetitions were removed using the triplet maximisation (TMS) algo-
rithm (Rineau et al., 2023). The cladogram shows a somewhat pectinate
structure with an important division in two clades, one mostly britannic,
and one continental. To allow a more precise discussion of the clades
and their support, we interpreted the results with respect to the reten-
tion index (Kitching et al., 1998) and the information content of char-
acters. We calculated the overall retention index for all the characters,
the retention index per character and the retention index for each
character state. We also calculated the total amount of information in
terms of weighted 3is, and also amount of 3is supporting the optimal
cladogram. These results are displayed in Table 1. Treatment of

Table showing the repartition of cladistic information within the analysis in terms of sum of 3is for each character and character state. Line total represents the sum of
all characters. Total information: sum of weighted 3is generated by the character/state. Retained information: sum of weighted 3is generated by the character/state
that are in agreement with the cladogram. Total contribution: Total information of the character or state divided by the sum of all 3is generated by all characters. RI:

retained information divided by total information.

Character codes Character names Retained Information Total Information Total contribution RI
#Clusters 45.0667 130.00 0.01 0.3467
#FM 2456.6736 3658.00 0.25 0.6716
#LCT 781.8846 1456.00 0.10 0.537
#ST 960.3984 1954.00 0.14 0.4915
Total 8488.0466 14396.00 1.00 0.5896
Character codes Character names Retained Information Total Information Total contribution RI
#Clusters.1 33.6 60.00 0.00 0.56
#Clusters.0 11.4667 70.00 0.00 0.1638
Simple core technologies

#FM.1 Unipolar 123.2222 140.00 0.01 0.8802
#FM.2 Bipolar 27.3333 74.00 0.01 0.3694
#FM.3 Alternate flaking 109,00 224.00 0.02 0.4866
Complex core technologies

#FM.4 Orthogonal to multifacial 139.75 360.00 0.03 0.3882
#FM.5 Centripetal 252.2353 368.00 0.03 0.6854
#FM.6 Discoidal 188.1429 338.00 0.02 0.5566
Hierarchical organization of removals

#FM.7 Complex centripetal 223.1111 248.00 0.02 0.8996
#FM.8 Complex Discoidal 248.5455 290.00 0.02 0.8571
#FM.9 Levallois 281.7333 350.00 0.02 0.805
#LCT.0 Chopper and Chopping-tools 201.2 361.00 0.03 0.5573
#LCT.1 Picks 201.2 361.00 0.03 0.5573
#LCT.2 Bifaces 52.4571 136.00 0.01 0.3857
#LCT.3 Pre-shapes and Proto-handaxes 56.2941 165.00 0.01 0.3412
#LCT.4 Cleavers 160.3333 297.00 0.02 0.5398
Marginal and isolated retouch

#ST.0 Notches 119.25 322.00 0.02 0.3703
#ST.1 Continuous retouch 156.5263 342.00 0.02 0.4577
#ST.2 Marginal 46,00 102.00 0.01 0.451
,#ST.3 Denticulates 75.2903 210.00 0.01 0.3585
#ST.4 Continuous retouch (scrapers) 141.2414 252.00 0.02 0.5605
#ST.5 Endscrapers 131.6 252.00 0.02 0.5222
Other and special types

#ST.6 Invasive and scaled retouch on scrapers 36.00 36.00 0.00 1,00
#ST.7 Convergent tools 173.6364 270.00 0.02 0.6431
#ST.8 Burins and others 46.8 132.00 0.01 0.3545
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characters in 3ia, computation of fractional weights, removal of repe-
titions using TMS algorithm of free-paralogy subtree analysis, plus cal-
culations of total information, retained information and retention index
(global, per character, and per state) have all been made using Agatta
Rineau and Zaharias, 2025) using the command: agatta analysis fil-
ename. hmatrix —analysis = heuristic —chartest —consensus = strict —pdf
-ri -software = paup -softpath = /paup-path/paup/paup4al68_u-
buntu64. The 3is information calculation and the retention index can
also be calculated separately from the analysis using ri Agatta command.

4. Discussion

The aim of the cladistic analysis was to show whether a hierarchical
structure could be highlighted on the basis of the technological patterns
of each site and differential presence of lithic innovations between the
different sites in our database, with a particular interest in core tech-
nologies. We justify the use of cladistics because of the congruence
principle (Hennig, 1966). Indeed, the congruence principle implies that
different, independent characters (here, technological strategies) all
point in the same direction, towards a common history. Given that the
characters in cladistic analysis are hierarchical, and represent grouping
hypotheses, congruence between all the characters can only lead to
obtaining an evolutionary scenario in the form of an inclusive hierarchy,
i.e. a tree. Environmental parameters or horizontal transmission cannot
generate congruence because they only concern specific characteristics
and ad hoc events. Cultural diversification by vertical transmission and
inheritance of innovations are the only mechanism that can generate
congruence in cultural evolution, since all characters are supposed to be
implied by this history. In the following section, we discuss the structure
of the cladogram, and the hierarchical part of the history that it can tell
us about at the threshold of MIS 11, bearing in mind that this is only the
cladistic side of this period, the one that we can try to reconstruct using
the principle of congruence. In the second part, we explain why this tree
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was obtained regarding the characters and their congruence. Returning
to the details of the characters we explain how they support this tree. To
do this, we use the retention index and the quantification of 3is (total
and accepted statements) to understand better how the characters are
structured in relation to the tree and to each other. Finally, in the third
part, we compare the cladogram obtained with environmental param-
eters that may have had an influence on cultural history during MIS 11.

4.1. Structure of the cladogram

The 3ia resulted in a single dichotomous cladogram highlighting the
relationships between sites (Fig. 6), which shows a largely pectinate
structure. Below we discuss more specifically a selection of clades that
are thought to have particular significance because of the proposed
groupings and the nature of their support. However, due to the absence
of clear synapomorphies except “invasive and scaled retouch” (#ST.6),
we discuss clades which gather the main occurrences of derived states,
which is meaningful in terms of 3is, since these are the clades that are
most locally supported by the characters.

4.1.1. Earlier dichotomies

Clade 1 (Fig. 6) groups together all sites except Torre in Pietra (Italy).
The presence of the unipolar core technology (#FM.1) groups together
most sites of the clade 1. At Torre in Pietra the series contains a high
ratio of flake-tools and cores on flint with a hierarchical debitage,
associated with limestone artefacts and LCTs (Villa et al., 2016; Grimaldi
et al., 2020; Muttillo et al., 2021). However, Torre in Pietra does not
contain any informative derived character state for cores (#FM.0), and
only handaxes and proto-handaxes for LCTs (#LCT.2-3). Consequently,
the 3ia rejects Torre in Pietra as a sister group of all other sites because of
the very small number of derived states. Its cladistic position on the tree
can therefore not be considered as artefactual due to the number of lithic
objects found in it, leading to the conclusion that its position is due to a
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Fig. 6. Cladogram of sites obtained through the cladistic analysis of lithic technologies.
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positive absence of some features and technological innovations
(derived states). Within clade 1, Aridos 11 is the sister group of all other
sites. Its position is due to a lack of many technological innovations, but
this absence is probably due to a sampling bias, as only 34 items from a
very small spot have been found. This hypothesis is confirmed by the
high level of incongruence, because of similarities with phylogenetically
highly distant sites: as the presence of centripetal debitage (#FM.5) links
it to clade 16, the presence of cleavers (#LCT.4) links it to clade 18, and
burins (#ST.8) to clade 26. We can estimate that if excavations continue
in Aridos II, it is probable that the site would be included in clade 16 at
least. Furthermore, Clade 4 is mainly supported by the presence of LCTs
including choppers and chopping tools (#LCT.0), and picks (#LCT.1).
Within this clade, we note the specific grouping of the sites of Korolevo
(Ukraine) and Vertesszolos (Hungary) together (clade 6). This grouping
confirms the existence of a specific Central European behaviour, east of
the River Rhine, characterised by thick small tools, some being shaped
(invasive and scaled retouch-type, #ST.6) and the lack of LCTs and bi-
faces (Kretzoi and Dobosi, 1989; Koulakovska et al., 2010; Usyk et al.,
2023).

Regarding geography and in general, there is a complete absence of
coherence when looking at the grouping of sites. Geographically distant
sites appear to be cladistically linked. For example, clade 10 gathers
three UK sites, and its sister group is to be found in France (Londigny).
We also note the recurrence of clades with two sites, one in the north and
one in the south: clade 13 group - Aridos I (Spain) and Cagny-la-Garenne
CXV (France), clade 22 - Cansaladeta (Spain) and Menez Dregan
(France), clade 34 - Bolomor (Spain) and la Noira upper level (France),
and clade 36 - Arago C (France) and Guado San Nicola (Italy). This
recurrence of north/south clades implies an absence of endemism on a
Western European scale despite the existence of significant geographical
barriers such as the Alps, the Pyrenees, and the Strait of Dover. Some-
what differently, sites with contrasting assemblages are grouped, such as
clade 11 with Elveden containing handaxes, but Swanscombe LGLL
being a core and flake industry without handaxes. Equally, clade 24 with
Swanscombe UMG has handaxes, but Barnham unit 5 is without. The
sites within these clades emphasise that the cladistics analysis is focused
on core technology, and the deep roots of that technology in Europe,
rather than the presence or absence of handaxes.

4.1.2. Levallois core technology

The hierarchical structure of the characters used in this analysis re-
sults in a nesting of clades that makes it possible to discuss the way in
which lithic innovations related to flaking methods starting from clade
14. Sites with discoid and centripetal cores are only present in clade 17
and 23, respectively. Clade 18 attests the existence of a cultural group,
somewhat characterised by presence of cleavers (#LCT.4), typical of
southern sites for all periods, but homoplasic, as it is not present in all
sites of clade 18 and is also present in Aridos II (Spain) and la Grande
Vallée (France). Within this clade, the main technological feature that
appears in our cladogram is Levallois (#FM.9), which concerns sites
within clade 23. They include both British sites (Barnham unit 5 and
Swanscombe UMG, clade 24, with single examples each) and conti-
nental sites with this technology (clade 25). According to the cladistic
analysis, the core technologies also explain why UK sites are scattered
throughout the tree. The ‘prepared core technology’ described in UK,
often related to a pre-Levallois concept, is younger, recognized mainly at
the MIS 9/8 boundary. However, a recent unpublished revision of the
core assemblages attributed some from Hoxne (upper and lower) and
Elveden to discoid-types, and Levallois and discoid-type technology at
Barnham unit 5 and Swanscombe UMG (Ashton et al., 1994, 2006, 2011,
2016, 2021; White and Ashton, 2003; White et al., 2019; Moncel et al.,
2015, 2020a, 2020b; Ashton and Davis, 2021; Garcia-Medrano et al.,
2022, 2023). The increase of complexity in centripetal (clade 32,
#FM.7) and discoid (clade 23, #FM.8) flaking methods seems related to
Levallois in the tree. These core technologies are close together and
technological relationships can be seen between an increase in
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complexity in centripetal debitage and Levallois core technology
(Peresani, 2003; Baena et al., 2017). Some sites show a higher hierar-
chical management of centripetal and discoid-type cores, considered as
evidence of a higher complexity in this debitage (for instance Terra
Amata, la Noira upper level) (Lumley, 2015). The proximity between
these character states on the cladogram shows this technological prox-
imity, and a possible threshold in cognition, even if the appearance of
Levallois is not clearly nested in clades characterised by the appearance
of complexity in discoid and or centripetal flaking methods, mainly
because Aridos I and Cagny-la-Garenne I have Levallois but do not have
discoid or centripetal cores (complex or not). If the cultural unit of clade
23 groups together sites on the basis of the presence of Levallois core
technology (#FM.9), this state is homoplasic as it also characterizes
these two sites. However, clade 13 grouping together Cagny-la-Garenne
I CXV (North France, flint, with presence of LCTs) and Aridos T (Spain,
quartzite, without LCTs) may be the consequence of both series being
relatively small (Santonja et al., 1980, 2001; Yravedra et al., 2010;
Tuffreau and Lamotte, 2010; Moncel et al., 2015; Lamotte and Tuffreau,
2016; Méndez-Quintas et al., 2020; Garcia-Medrano et al., 2022). There
is no clear synapomorphy, but the sites are grouped mainly by their
diversity of light duty tools (especially scrapers with marginal retouch
#ST.2) and by the presence of Levallois cores/flakes (#FM.9), even if
these character states are homoplasic (Barsky et al., 2019; Rossoni--
Notter et al., 2016). The cladistic analysis presented here rejects the
hypothesis of a unique appearance of Levallois core technology in
Western Europe (Santonja et al., 2001, 2014; Peretto et al., 2016,
2016b).

It is interesting to note that this division into two groups also divides
the two areas of Cagny-la-Garenne I and II analyzed here. The techno-
logical association between Levallois on the one hand and complex
discoid and centripetal on the other is not congruent and indicates at
least two distinct and incompatible hypotheses of grouping. Thus
discoid-type cores s.l. and centripetal cores currently cannot be
considered as being the origin of the Levallois method in a historical
sense. Another competing hypothesis would be that the homoplasy is
due to missing data in Aridos I and Cagny-la-Garenne. Only a few cores
have been found in Aridos I, and in Cagny-la-Garenne. It is clear that
more artefacts are necessary to test more precisely the homology of
Levallois in Western Europe, which does not appear in our analysis to be
a synapomorphy (i.e. it does not characterise a single cultural clade),
and of the technological link between Levallois and increased
complexity of flaking methods.

We note, however, that clades 13 and 23, characterised by the
presence of Levallois, include the Cagny-la-Garenne assemblages, which
provides us information about the temporality of the development of
cultural innovations. The increase in discoid complexity, centripetal,
and the appearance of Levallois therefore occurred certainly before MIS
12. These technologies survived with human populations during the MIS
12 glacial event and were culturally diversified in MIS 11 (Moncel et al.,
2021a,b; Garcia-Medrano et al., 2023)

4.2. Character state contributions and retention index

The use of 3ia has the advantage of being able to explain how the
optimal tree was found by measuring the fit between the cladogram and
the 3is generated by the character decomposition. The analysis allows
quantification of the overall contribution of each character and state to
the analysis, and to quantify the total information content of each
character (Table I). In our analysis, there is a strong correlation between
the total amount of information in each character state (and in each
character as well) and the information retained, which contributes to the
choice of the optimal tree. There is also a strong correlation between the
information retained and the retention index. This correlation implies
that the more informative a character is, the more likely it is to
contribute in supporting clades within the optimal tree. A character with
a lot of missing data will therefore have less influence than a character
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with no missing data, since missing data reduces the number of 3is
produced. In the same way, each character state being a clade hypoth-
esis produces 3is accordingly. A character postulating two clade hy-
potheses will on average have a greater contribution than a character
postulating only one clade (excluding the root).

Examination of the information content and retention index of the
four characters reveals the high degree of heterogeneity in the infor-
mation content of the characters. Character Cluster#1, splitting sites in
two groups according to their relative proportions of lithic objects, is
very poor and makes almost no contribution to the optimal tree (0.01).
The fact that only two states were generated in order to downweigh the
character is linked to the fact that there is no clear limit between the
different proportions among sites. The low retention index of 0.35
clearly indicates that this character is highly incongruent with the
others. With regard to lithic technologies, and while the large cutting
tools and small tools are comparable in terms of total contribution, the
small tools originally possessed more information, implying a lower
retention index. Core technologies appear to be the decisive character in
supporting the optimal cladogram, representing a total contribution
equivalent to that of all the other characters combined. This is related to
the high number of character states, leading to a higher contribution.
However, the total retention index of 0.59 reveals a fairly low congru-
ence, since such an index implies that 41 % of the total information
encoded in the matrix has not been retained, which is relatively high — as
the quantity of information accepted is symmetrical to the quantity of
information rejected. Unlike parsimony, 3ia can be understood both as a
method that minimizes homoplasy (minimizes the rejection of 3is) and
maximizes homology (maximizes the retention of 3is). In parsimony,
minimising transformation steps cannot be understood as the symmetric
of maximizing homology.

When looking at information content for each state, we can compare
more comparable things, since a state corresponds to a single clade
hypothesis, whereas a character can contain a variable number of states.
The total quantity of information generated is linked to the structure of
the state, and the more symmetrical it is (i.e. same number of terminals
possessing the state as terminals not possessing the state), the more
informative it has (Nelson and Ladiges, 1992). We can see that the states
corresponding to the ratio are the least informative of all, even at the
state level. It should be noted that two character states, although they
are very uninformative, have a very high retention index: continuous
retouch (#ST.1, RI = 0.46) and “invasive and scaled retouch-type”
(#ST.6, RI = 1). These values correspond to highly asymmetric char-
acter states corresponding to the least inclusive nodes, which were
accepted during the analysis. The continuous retouch group is together
in the matrix of all the sites except Aridos II, which explains its position
in the tree, even though it is not directly the sister group of all the other
sites, given the position of Torre in Pietra m. Moreover, the “invasive
and scaled retouch Quina-type” is together with the two sites of Kor-
olevo and Vertezzsolos in an Eastern European clade.

When we look at the contribution of each character state to the
analysis, we also note first that core technology has the most contribu-
tory states (4-9). Small tools, on the other hand, form character states
that are generally poorly informative for the analysis. It would therefore
seem that the information provided by small tools is of little use in
reconstructing the relationships between sites, due to the higher rate of
homoplasy they provide, implying an absence of hierarchical structure
for these technologies. The LCTs are more heterogeneous, with scattered
character states in terms of total contribution of information to the
analysis. The presence of bifaces (#LCT.2) and crudely-made bifaces
(#LCT.3) provides very little information for structuring the cladogram.
Finally, we note that the most important character states for the analysis
are those relating to the continental clade 12, i.e. pebble tools (#LCT.0),
complex centripetal (#FM.8), discoid and complex discoid (#FM.6 and
7), and Levallois (#FM.9). It is these states, highly congruent between
them, that seem to have structured the cladogram the most. These states
correspond precisely to technological innovations in MIS 11.
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4.3. Cladogram and the influence of extrinsic parameters

The type of raw material for LCTs (bifaces, cleavers and picks) is flint
for British and northern French sites (nodules available in quantity), and
variable for other continental sites, often depending on the size of the
pebbles/nodules that allows production of large flakes in the south (e.g.
De Lombera-Hermida et al., 2020; Garcia-Medrano et al., 2022). The
flaking operational processes are either complete or fragmented with
often local raw materials, a few sites with raw material from
long-distances (la Noira upper level for flint, Caune de ’Arago C, D)
(Barsky et al., 2019; Moncel et al., 2021a,b). The raw material for cores
is on the principle stones, mainly local, often flint when available in the
surroundings. The impact of the raw materials is thus not relevant and
enough to explain the structure of the cladogram. We have tested the
influence of raw material by considering it as an additional character in
the cladistic analysis: (flint, chert, millstone, limestone, lidite: fine
grained rocks/quartzite, quartz, sandstone: coarse-grained rocks and
volcanic rocks). We have modified the matrix accordingly to test the
cultural potential of raw material choices and reran the cladistic anal-
ysis. The addition of this character does not alter the structure of the
important nodes in the cladogram. We conclude from this that the se-
lection of raw material is not inherited but pragmatic and, in any way,
has no effect on the appearance of technological innovations. The dif-
ferential presence of flint is therefore not the cause of the dichotomy
found in the tree, but can be explained by the use of distinct and regional
technological strategies.

The control of fire has neither a special meaning, located both in the
north (Beeches Pit, Barnham unit 6; Davis et al., 2025)) and south (Terra
Amata, Aroeira, Menez Dregan 8, Vertezzolos) (Lopez-Garcia et al.,
2018; Ravon et al., 2022). In terms of the cladogram, the appearance of
fire appears to be completely independent, with several appearances in
very different cultural and technological contexts. As well, function of
the sites or mobility patterns or fragmentation of the reduction se-
quences have no special meaning on the cladogram.

5. Conclusion

The cladistic analysis of the ca. MIS 11 sites has enabled us to reach
several conclusions regarding the structuring of the history of lithic
traditions from this period, the use of the 3ia, and the retention index
within the framework of cultural cladistics.

From a methodological point of view, 3ia appears relevant in the
framework of cultural histories both in reconstruction and for analyzing
the resulting trees. By precisely quantifying the cladistic information of
each character and each state, as well as the proportion of this infor-
mation involved in supporting the tree, this method makes it possible to
establish a link between the optimal tree obtained and the characters. In
this respect, the retention index used in conjunction with the total
informativity values provides essential information for understanding
and analyzing the results of a cladistic analysis. It allows us to show that
the character prepared core technologies is the most informative char-
acter given the structure of the databases used herein, almost equivalent
in terms of absolute contributory value as all the other characters taken
together (ratios, large cutting tools, and small tools).

With regard to the cladogram, a clear initial divide appears to exist
between Western Europe (clade 12) and Central Europe (clade 9).
However, within the Western Europe clade, many sites that are
geographically very distant are sister groups in the cladogram. More
specifically, four clades (13, 22, 34 and 38) highlight cladistic re-
lationships between Spanish and French sites, which may be explained
by a common technological background or dispersals of populations.
Moreover, the clades seem mainly supported by discoid, centripetal, and
Levallois core technologies. However, Levallois appears homoplasic,
implying that the homology between the Levallois technologies with
Aridos I and Cagny-la-Garenne II in relation to the other Levallois sites is
rejected. These two sites do not have discoid cores and centripetal cores,
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and are therefore rejected outside the main Levallois clade. This ho-
moplasy could imply a technological threshold before the convergent
appearance of Levallois independently, but could more likely be due to
sampling from the Aridos I and Cagny-la-Garenne series. A bias is
inherent in the direct study of sites by their lithic content, namely the
rejection by most clades of sites poor in lithic artefacts, which find
themselves in the position of a sister group to all the others. The study of
assemblages does not allow us to distinguish the ‘positive’ absence of a
technology from an absence due to a sampling problem. On the other
hand, this sampling bias is easily revealed in this specific case by
studying the structure of the tree and the number of objects found on the
site. Sites with low number of items (or even unknown data) find
themselves in the position of the sister group because the poverty of the
series implies characters with few or no derived states. This is the case,
for example, for Cagny-la-Garenne, or Aridos (I and II). In the specific
case of Aridos I, cladistic analysis also has a predictive aspect by indi-
cating which sites need to be excavated more in order to test hypotheses
of a cladogram.

Overall, the tree and the clades suggest that Levallois core technol-
ogy survived during the glacial event of MIS 12 and diversified during
the long interglacial MIS 11.

Finally, we have shown that the 3ia method enabled us to obtain an
optimal cladogram based on the lithic content of archaeological sites
across Europe in MIS 11. This tree, obtained from the analysis of a
synthetic database, enabled us to show the hierarchical structure of
these sites, which may be interpreted historically as a vertical trans-
mission of knowledge. Building this tree, instead of a classical compar-
ison of lithic assemblages complements other approaches and allows
another picture of the cultural European traditions, to propose hy-
potheses on their relationships over time and space.
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