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Abstract

Space is an ineluctable reference dimension in Palaeolithic research
for monitoring site formation and modification processes. Quanti-
tative, hypothesis-driven analyses of spatial patterns are paramount
to understand the dynamics of cultural and natural processes and,
therefore, to correctly interpret past human behaviours. However,
spatial statistics are seldom used in a taphonomic perspective. This
cumulative dissertation aims to contribute to the development of
a spatial taphonomic approach to the study of site formation pro-
cesses. Multilevel multiscale spatial statistics are applied to the
taphonomic study of I ) the Lower Palaeolithic site of Pirro Nord 13,
Italy; II ) the Middle Pleistocene open-air site of Marathousa 1,
Greece and III ) the Late Villafranchian palaeontological locality of
Tsiotra Vryssi, Greece.

The first study evaluates the reliability of the spatial and strati-
graphic association of the lithic artefacts with the faunal remains
that are used for the biochronological estimate of the site of Pirro Nord 13.
The spatial properties of both biostratinomic and diagenetic pro-
cesses are investigated. Results of our analyses confirm the strati-
graphic integrity of the deposit. In the second study, statistical
inference is conducted in order to test two contrasting models of
deposition - autochthonous vs. allochthonous. A geoarchaeological
approach is adopted for the analysis of the orientation and three-
dimensional distribution of the finds. Results of our analyses are con-
sistent with minor transportation and substantial spatio-temporal
association of the lithic and faunal assemblages, thus supporting the
current interpretation of Marathousa 1 as a butchering site. The
third study elaborates on a hitherto little investigated aspect of
spatial taphonomy: multilevel anisotropy. Recursive anisotropy is
detected both at the level of taphonomic elements and at the assem-
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blage level at Tsiotra Vryssi. Along with analysis of the differential
preservation of skeletal elements and sedimentological observations,
the taphonomic history of the site is unravelled. Furthermore, by
conducting a spatial taphonomic analysis of a non-human related
faunal assemblage, this study contributes to the building of an es-
sential referential framework for the interpretation of human-related
fossil assemblages deposited in fluvial environments.

Spatial taphonomy complements the traditional archaeological,
geoarchaeological and taphonomic approaches. It enhances our un-
derstanding of the processes forming archaeological and palaeon-
tological assemblages, with implications for palaeoecological recon-
struction, biochronological estimates and the interpretation of past
human behaviours.
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Zusammenfassung

Raum ist eine wesentliche Referenzdimension in der paläolithischen
Forschung um die Bildungs- und Modifizierungsprozesse archäologi-
scher Fundstellen zu untersuchen. Quantitative und hypothesenba-
sierte Analysen räumlicher Muster sind von entscheidender Bedeu-
tung um die Dynamik kultureller und natürlicher Prozesse zu verste-
hen und um vergangenes menschliches Verhalten korrekt interpretie-
ren zu können. Räumliche Statistiken wurden bislang jedoch eher sel-
ten in einer taphonomischen Perspektive angewendet. Diese kumula-
tive Dissertation leistet einen wesentlichen Beitrag zur Entwicklung
eines raum-taphonomischen Ansatzes zur Untersuchung von Fund-
stellenbildungsprozessen. Mehrstufige und mehrfach-skalierte räum-
liche Statistiken werden zur Untersuchung der Taphonomie folgender
drei Fundstellen angewendet: I) die altpaläolithische Fundstelle Pirro
Nord 13, Italien; II) die mittelpleistozäne Freilandfundstelle Mara-
thousa 1, Griechenland; und III) die paläontologische Fundstelle des
späten Villafranchiums Tsiotra Vryssi, Griechenland.

Die erste Studie untersucht die Verlässlichkeit des räumlichen
und stratigraphischen Zusammenhangs zwischen lithischen Artefak-
ten und Faunenresten, anhand derer die Fundstelle biochronologisch
eingeordnet wurde. Dabei werden die räumlichen Eigenschaften von
biostratinomischen und diagenetischen Prozessen untersucht. Die
Ergebnisse unserer Analysen bestätigen die stratigraphische Inte-
grität der Ablagerungen. In der zweiten Studie wird eine statistische
Inferenz durchgeführt, um zwei gegensätzliche Ablagerungsmodelle
zu testen – autochthon vs. allochthon. Dabei wird ein geoarchäolo-
gischer Ansatz zur Analyse der Orientierung und dreidimensionalen
Verteilung der Funde herangezogen. Die Ergebnisse unserer Analy-
sen bestätigen eine geringe Fundverlagerung sowie eine eindeutige
raum-zeitliche Vergesellschaftung der lithischen Funde und Faunen-
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reste und unterstützen somit die aktuelle Interpretation von Mara-
thousa 1 als Schlachtplatz. Die dritte Studie beschäftigt sich mit
einem nur selten untersuchten Aspekt der räumlichen Taphonomie
– der mehrstufigen Anisotropie. Rekursive Anisotropie wird sowohl
auf der Ebene taphonomischer Elemente als auch auf der Ebene
der Fundvergesellschaftung festgestellt. Zusammen mit der Analyse
der unterschiedlichen Erhaltung der Skelettelemente und sedimen-
tologischen Beobachtungen wird die taphonomische Geschichte der
Fundstelle offenbart. Desweiteren trägt die Studie durch eine raum-
taphonomische Analyse einer nicht vom Menschen verursachten An-
sammlung von Faunenresten zur Erstellung eines Referenzrahmens
für die Interpretation von menschlich verursachten fossilen Fundver-
gesellschaftungen in fluvialen Umgebungen bei.

Räumliche Taphonomie ergänzt die traditionellen archäologischen,
geoarchäologischen und taphonomischen Untersuchungsansätze. Sie
verbessert unser Verständnis um die zugrundeliegenden Prozesse, die
archäologische und paläontologische Ansammlungen generieren, und
hat Auswirkungen für paläoökologische Rekonstruktionen, biochro-
nologische Einschätzungen und Interpretationen vergangener mensch-
licher Verhaltensweisen.
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1
Introduction

Space, conceived as a collection of three-dimensional relationships
between objects, is an indispensable analytic dimension in investi-
gating the archaeological record. Accurate measurements and rig-
orous analyses of relative distances and directions between entities
are paramount to understanding the correlation between events and,
therefore, correctly interpreting past human behaviours.

Spatial associations, or the degree to which archaeological re-
mains occur in spatial proximity, have long been used as key argu-
ments for modelling past human behaviours - e.g., based on geolog-
ical context, vertical distribution and spatial association of artifacts
and bones, Leakey (1971) classified the Olduvai sites from Beds I and
II as living floors, butchering sites and sites with diffused material
or channel sites. However, spatial patterns are rarely a snapshot in
time and space of past human activities and most likely the emerg-
ing products of syn- and post-depositional processes. Indeed, these
processes may rework or obliterate the original patterns and create
spurious spatial associations - e.g., see Benito-Calvo and de la Torre
(2011), Domínguez-Rodrigo et al. (2012), Petraglia and Potts (1994),
and Potts (1988) for later reexaminations of the Olduvai sites based
on analyses of orientation patterns.

With a better understanding of the complex nature of the ar-
chaeological record, regarded as the by-product of the heterogeneous
disposition of syn- and post-depositional processes, an old question
rises again: to what extent do the observed spatial patterns reliably
reflect past human behaviours, and how informative can they be on
the dynamics of natural processes?

The archaeological record, “at best a static pattern of associa-
tions and covariations among things distributed in space” (Binford,
1980, p.4), nonetheless retains information about the dependencies,
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Introduction

relationships and interactions between the past cultural system and
its surrounding environment. Variations in the observed spatial
patterns can be explained by the dynamics of formation processes.
Therefore, the spatial distribution of entities is among the most in-
formative aspects of the archaeological variability. Following Binford
(1972), time and space in Paleolithic research can only be conceived
as

“[. . . ] reference dimensions serving as reference frame-
works for monitoring systemic processes. Propositions
set forth about the disposition of particular cultural ref-
erents in time or space can never serve other than de-
scriptive functions. Such facts only become relevant in
the context of hypothetical arguments dealing with the
dynamics of processual functioning or change.” – LR Bin-
ford (1972). Contemporary model building: paradigms
and the current state of Paleolithic research. In: Models
in Archaeology. Ed. by DL Clarke. London: Methuen &
Co. LTD, 109–166, p.123

.
Similarly, propositions about cultural dynamics only become rel-

evant if determined in a hypothesis-testing framework that takes into
account cultural and natural formation processes (Schiffer, 1983).
Hence, in order to draw reliable inferences about past human be-
haviours, one must consider the spatio-temporal context of syn-
and post-depositional processes, and identify the relevant spatio-
temporal scales at which they occur (Bailey, 2007; Butzer, 1982;
Dibble et al., 1997; Goldberg et al., 1993; Nash and Petraglia, 1987;
Rapp and Hill, 2006; Schick, 1986; Schiffer, 1987; Texier, 2000).

The spatial implications of behavioural processes have long been
understood and analysed in quantitative manners (Clarke, 1977;
Hodder and Orton, 1976; Whallon, 1974). However, while space is
an inherent property of any biotic or abiotic process, spatial statistics
are seldom used in a taphonomic perspective. Whereas well estab-
lished quantitative methods are generally employed for the analysis
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of orientation patterns of finds, the analysis of archaeological spatial
patterns is most commonly conducted by visual, intuitive examina-
tion of distribution maps. On the other hand, statistical inference
of spatial variations, in combination with the traditional archaeo-
logical, geoarchaeological and taphonomic approaches, enhances our
understanding of the processes that generated the observed patterns.

The main aim of this PhD project is to contribute to the devel-
opment of a new methodological approach (namely, spatial taphon-
omy) to the study of site formation processes. In its broadest sense,
spatial taphonomy refers to the quantitative, hypothesis-driven ana-
lytical approach to the study of the spatial properties of taphonomic
processes. Founded on formation theory and evolutionary taphon-
omy, this cumulative dissertation builds upon three applications of
advanced multilevel multiscale spatial statistics to the study of the
biostratinomic and diagenetic processes at:

• (Paper I) the Lower Paleolithic site of Pirro Nord 13, Italy;

• (Paper II) the Middle Pleistocene open-air butchering site of
Marathousa 1, Greece;

• (Paper III) the Late Villafranchian palaeontological locality
of Tsiotra Vryssi, Greece (Fig. 1.1).

The following sections introduce the theoretical and method-
ological backgrounds of this PhD project. Chapter 2 (Objectives)
presents the main research goal and the specific objectives of the
three papers that form this cumulative dissertation. Chapter 3 (Re-
sults and discussion) summarises the key results of the three papers
and reviews the fundamental contribution of this dissertation to the
definition of spatial taphonomy. Finally, the last chapter (Conclud-
ing remarks) discusses future research directions.

Theoretical background: formation processes

From the beginning of Paleolithic research, the spatial and strati-
graphic association of stone artifacts with remains of extinct animals
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Introduction

Figure 1.1: Geographical locations of the three studied sites: paper I)
Pirro Nord 13; paper II) Marathousa 1; paper III) Tsiotra Vryssi.

was critical to assessing the antiquity of the human occupation of
Europe. Evidence was based on stratigraphic sequences and the
contextual integrity of the assemblages (Lyell, 1863). Already in the
end of the 19th century, scholars were interested in the geological
processes involved in the formation of archaeological deposits. Con-
cepts and methods that originated in earth sciences were pivotal in
interpreting evidence of the human past.

This early geoarchaeological approach continued to develop in
the 20th century. In the ’60s, the work of Isaac (1967) at Olorge-
sailie (Africa) put the bases for the development in the ’70s and ’80s
of a mostly Anglo-American research tradition in site formation pro-
cesses (Binford, 1978, 1979, 1980, 1981b; Clarke, 1973; Schick, 1984,
1986; Schiffer, 1972, 1976, 1983, 1987, among others). With the re-
alization of the importance of adopting a natural science perspective
in understanding the broader context of the archaeological deposit,
archaeologists explicitly shifted their interest towards the processes

4



(natural and cultural) involved in the formation and modification
of the archaeological record. Despite the many conceptual differ-
ences that fed several scientific disputes (e.g., the Binford-Schiffer
controversy), processual archaeologists shared the main concern for
the validity of the behavioural inferences made from the material
record, and promoted similar theoretical frameworks and methods,
critical to the understanding of past dynamic systems from the static
archaeological record. Under the auspices of formation theory (as
later defined by Shott, 1998 who reconciliated Binford’s middle-
range theory (Binford, 1977) and Schiffer’s reconstruction theory
(Schiffer, 1988)), a number of actualistic researches attempted to es-
tablish causal links between processes and patterns of cultural and
environmental systems, using ethnographic (Binford, 1978; Gifford-
Gonzalez et al., 1999; Haynes, 1988; Hill, 1979; Yellen, 1977) or ex-
perimental (Gifford-Gonzalez et al., 1985; Schick, 1987a) sources of
information. The seek for a quantitative and hypothetical-deductive
methodological framework was fundamental to the development of
archaeology as a scientific discipline.

Meanwhile, contemporary research on early hominid evolution
(Behrensmeyer, 1975a; Boaz and Behrensmeyer, 1976; Brain, 1981;
Gifford and Behrensmeyer, 1977; Hill, 1976) extended the original
definition of taphonomy as “the study of the transition [...] of animal
remains from the biosphere into the lithosphere” (Efremov, 1940) to
include also the archaeological record. The ephemeral dichotomy
between ‘taphonomy’ and ‘site formation processes’, based on the
nature of remains, eventually dissolved in the last decades towards
an integrative and multidisciplinary investigation of the processes,
both natural and cultural, that modify the original properties of
organic and inorganic material (Domínguez-Rodrigo et al., 2011).

It is currently firmly established that the interpretation of the
archaeological record may be profoundly affected by distortion, dis-
turbance and poor preservation. Biostratinomic and diagenetic mod-
ifications occur in a spatio-temporal dimension as a consequence of
the interaction of the deposit with the biosphere and the lithosphere.
Accordingly, a variety of human behaviours (e.g., site re-occupation,
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Introduction

trampling), as well as biological (e.g., trampling caused from other
animals, ravaging, burrowing), geological (e.g., deflation, erosion,
swelling and shrinking of clay) and chemical processes (e.g., oxi-
dation) can modify the archaeological context before final burial
(Rapp and Hill, 2006). Diagenetic processes include physical, chem-
ical and biological modifications at work after burial. Furthermore,
re-elaboration (sensu Fernández-López, 1991) may occur, such that
already buried material is exhumed (Fig. 1.2). Nevertheless, tapho-
nomic alteration processes imply modification, but not necessarily
destruction. The positive role of taphonomic alteration processes is
expressed in the differential preservation of taphonomic products,
at different levels of organization (Fernández-López, 2006). For ex-
ample, dispersion processes (such as fluvial processes) may modify
the spatial location, orientation and removal degree of basic tapho-
nomic elements (bone specimens), causing at the same time changes
in the structural properties (size, density, spatial distribution and
diversity) of higher level entities (e.g., taphonic population).

By rejecting the simplistic notion that a site formation study can
remove the negative veil of natural post-depositional modification
processes and reveal the original, pristine archaeological occurrence,
it must be understood that cultural and natural processes of different
frequency and intensity are dynamically linked in a spatio-temporal
framework. In a sense, a spatio-temporal multiscale palimpsest of
processes is set from the time the site is occupied/revisited to its
abandonment and recovery. Each process depends on the outcome
of the former, and has the potential to rework, obliterate or preserve
it. Thus, the retention of traces of the earliest cultural processes is
a function of the type, number and intensity of the latest processes.
As mentioned, such a hierarchical organization works in a spatio-
temporal dimension, and generates stratified spatio-temporal pat-
terns which may retain important traces of the systemic processes.
The archaeological record, more than a simple two-layer structure
(cultural/natural), is composed of a complex palimpsest of processes
(Fig. 1.2).

In analysing such a spatial palimpsest, different scales bring into

6



focus different processes - as also suggested by the ‘time perspec-
tivism’ approach (Bailey, 2007). The spatial scale refers to both
the physical extent of a process (range) and the resolution of the
measured traces of that process. Hence, according to ‘space perspec-
tivism’, our perception of the spatial structure of a process is directly
related, and limited, to both the extent of the study area and the
resolution of the sampling design. Statistical methods also affect our
ability to identify spatial patterns (Dale and Fortin, 2014). Conse-
quently, the spatio-temporal scale (range) of the process of interest,
requires adequate pattern resolution and extent. The investigation
of such patterns, by multiscale multilevel spatial statistics, may in-
form our understanding of the contextual system and enhance the
reconstruction of past human behaviours. Limitations can only be
specified with reference to given research problems (Binford, 1981a).

Yet, besides the palimpsest nature of formation processes, other
analytical issues in formation theory are those of equifinality and
multifinality. Equifinality refers to the capacity of open systems to
achieve the same or similar outcome states from different starting
points, and/or through different processes (Lyman, 2004; Premo,
2010). Thus, spatial equifinality refers to the ability of different
processes to generate similar spatial patterns. Conversely, the re-
lated concept of multifinality holds that a single process may lead
to dissimilar outcomes. Nevertheless, embracing a configurational
approach (Binford, 1981b; Bunn, 1991; Domínguez-Rodrigo et al.,
2010), the uncertainty caused by equifinality/multifinality can be
reduced by using several distinctive criteria to characterize the pro-
cess, as well as comprehensive analytical methods and statistical
inference. Indeed, limited variables and statistics may not be suf-
ficient to unequivocally discriminate different processes. Moreover,
employing a hypothesis testing framework for selecting multiple com-
peting models is a compelling strategy to bypass with confidence the
equifinality/multifinality inferential pitfalls. Nevertheless, it is nec-
essary to build a rich, exhaustive frame of references from actualistic
studies and archaeological or palaeontological cases where the sig-
nature might be more explicitly recognizable and attributable to
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Introduction

particular sets of circumstances. Hypothesis-testing methods need
empirically grounded references. Far from being analogues of gen-
eral validity, the utility of such comparative references lies in the use
of interpretation-neutral units of analysis and relevant, quantitative
methods.

By using exhaustive, advanced spatial statistics and hypothesis-
testing methods, this dissertation contributes to the development
of a spatial taphonomic approach for the investigation of the multi-
level and multiscale spatial properties of taphonomic processes. Spa-
tial taphonomy represents a synthesis, the integration in a spatio-
temporal framework of the methodological inputs from the extended
taphonomic approach.

Methodological background: spatial statistics

Among other taphonomic analyses, such as particle size distribution,
weathering stages and skeletal part representation, spatial analysis
has long been universally recognized to be paramount in the in-
vestigation of the depositional context (Butzer, 1982; Dibble et al.,
1997; Lyman, 1994; Rapp and Hill, 2006; Texier, 2000, among oth-
ers). However, besides well developed quantitative methods for the
fabric analysis of orientation patterns, spatial statistics are still in-
sufficiently applied to the study of spatial patterns.

Fabric analysis has its origin in earth sciences and is defined as
the study of the orientation (plunge and bearing) of particles within
a sedimentary matrix. It was early introduced in the taphonomic
study of the orientation of mammal bones as an indicator of the
depositional context (Toots, 1965; Voorhies, 1969). Subsequently,
the first archaeological applications (Bar-Yosef and Tchernov, 1972;
Isaac, 1967) led to an increasing number of studies of the effect of
natural processes (most readily water-flows) on palaeontological and

1Model of taphonomic modifications modified after Fernández-López (1991).
Environmental processes background modified after Dale and Fortin (2014).
P.antiquus illustration by DFoidl, used under CC BY.
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Introduction

archaeological assemblages (Benito-Calvo et al., 2009; Bertran and
Texier, 1995; Domínguez-Rodrigo et al., 2012; Domínguez-Rodrigo
and García-Pérez, 2013; Domínguez-Rodrigo et al., 2014d; Fiorillo,
1991; Lenoble and Bertran, 2004; McPherron, 2005, 2018; Petraglia
and Potts, 1994; Schick, 1987b, among others). Circular statistics
are used to evaluate with certain level of confidence the observed fab-
ric pattern. Interpretations are given within frames of experimental
and actualistic reference studies.

On the other hand, the analysis of archaeological spatial pat-
terns lacks a more formal, quantitative framework, being on the
contrary mostly based on visual examinations and intuitive inter-
pretations of distribution maps and cross-sectional plots alike (Be-
van et al., 2013). Yet, since the early ’70s, quantitative methods
have been borrowed from neighbouring disciplines (namely, geogra-
phy and ecology) in the attempt to abandon the traditional, intuitive
‘eyeballing’ practice of spotting spatial patterns (Clarke, 1977; Hod-
der and Orton, 1976; Whallon, 1974). However, only a relatively
small number of studies have continued to adopt advanced spatial
statistics to unravel past human behaviours from scatters of material
culture (Bevan and Conolly, 2006, 2009; Bevan and Wilson, 2013;
Crema, 2015; Crema et al., 2010; Crema and Bianchi, 2013; Djind-
jian, 1999; Domínguez-Rodrigo and Cobo-Sánchez, 2017; Eve and
Crema, 2014; Hietala and Larson, 1984; Kintigh and Ammerman,
1982; Orton, 1982, 2004; Palmisano, 2013). Although these studies
acknowledged post-depositional effects, they lack explicit consider-
ation of the spatial structure of natural processes. Application of
advanced spatial statistics to the study of taphonomic processes is
scarce. A first attempt to adopt a taphonomic perspective in spatial
analysis dates back to the early ’80s (Hivernel and Hodder, 1984).
Yet, more recent taphonomic studies only made secondary, limited
use of spatial statistics (Domínguez-Rodrigo et al., 2014b,c; Lenoble
et al., 2008).

Along with fabric and patterns analyses, from a different spatial
perspective, refitting analysis is as well fundamental to the study of
site formation processes (Morin et al., 2005; Petraglia, 1992; Todd
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and Stanford, 1992; Villa, 1982, 2004, among others). It commonly
consists of vertical and horizontal plotting of join lines and subse-
quent visual evaluation of spatial patterns. In this sense, like the
analysis of distribution maps, it lacks a more formal, quantitative
framework. Quantitative analysis of different aspects of the refit-
ting (i.e., line length and orientation) is rare (Bargalló et al., 2016;
Romagnoli and Vaquero, 2016; Vaquero et al., 2017). Moreover, if
important data are not published, it is often difficult to evaluate
inter-assemblage variability (Vaquero et al., 2017). Indeed, refitting
analysis requires an as yet undeveloped, formal referential framework
built upon actualistic studies as well. Furthermore, because refitting
is particularly demanding, it is far from being systematically used.

Therefore, by moving beyond the intuitive analysis of distribu-
tion maps and applying a comprehensive set of multilevel multiscale
spatial statistics, this dissertation aims to contribute to the develop-
ment of a new spatial taphonomic approach that, along with fabric
analysis, makes strong use of point pattern analysis.

Two main properties of spatial processes are of interest in point
pattern analysis: the intensity, or the distribution of entities (points)
in space (1st order property), and the interactions between them
(2nd order property). The intensity of a point pattern is defined
as the average number of random points per unit area. It informs
about homogeneity or inhomogeneity in the distribution of points
(e.g., artifacts) generated by a point process (e.g., knapping, tram-
pling, winnowing events) - i.e., it addresses the question of whether
the rate of occurrence is uniform or spatially varying across the study
area. Intensity is generally evaluated by means of kernel density es-
timation (Diggle, 1985). Although informative and widespread in
the literature, it does not provide sufficient information to reliably
infer point interactions. On the other hand, multiscale inter-point
interactions are measured by second or higher-order moment quanti-
ties, such as the Ripley’s K correlation function (Ripley, 1976, 1977)
and the distance G-, F- and J-functions. Three different types of
inter-point interaction are possible: random, regular or cluster. Reg-
ular patterns are assumed to be the result of inhibition processes,
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Introduction

while cluster patterns are the result of attraction processes. Com-
plete spatial randomness (CSR) is sometimes used as reference null
hypothesis - the typical research question concerns whether or not
the observed pattern is consistent with a CSR process. More often,
even if CSR is not scientifically plausible, it still represents a cru-
cial dividing hypothesis that separates spatial clustering from spatial
regularity. Statistical inference is achieved by Monte Carlo random
simulations of the null hypothesis (Fig. 1.3).

Multitype point patterns consist of several different types of
points. The classification of points into types can be based on differ-
ent criteria: it may be an intrinsic attribute such as the type of find
(lithic/fossil), the technological attribute (debris/flake/tool/core) or
the dimensional class (small/large). Alternatively, the type may in-
dicate a status (low/medium/high) induced by extrinsic processes
(e.g., weathering). Therefore, multitype point patterns are extremely
useful to represent the variability of the archaeological record. By
using cross-type functions, the analysis of intensities and interactions
between different types of entities opens a wide range of applications
for spatial taphonomy.
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Figure 1.3: Simulated realizations of regular (a), independent (c) and
clustered (e) point patterns. The geometry of the empirical K-function
is illustrated in (a). It is defined as the cumulative average number of
data points lying within a distance r of a typical point. Results of the
empirical K-functions (solid black lines) are compared with the theoretical
K-function for a Poisson process (red dashed lines) and the grey envelopes
of 199 simulated realization of CSR for each of the three patterns (b,d,f).
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2
Objectives

The primary aim of this dissertation is to contribute to the devel-
opment of a new methodological approach (spatial taphonomy) for
the study of site formation processes. By using advanced spatial
statistics, spatial taphonomy complements the traditional tapho-
nomic approach and aims to investigate the multilevel and multiscale
spatial properties of biostratinomic and diagenetic processes. It en-
hances our understanding of the processes forming archaeological
and palaeontological assemblages, with implications for palaeoeco-
logical reconstruction, biochronological estimates and the interpre-
tation of past human behaviours. Each of the three papers that form
this cumulative dissertation contributes to the definition of spatial
taphonomy while addressing specific research questions.

Paper I: site integrity and biochronology at Pirro
Nord 13

Paper I investigates the processes involved in the formation of the
Early Pleistocene site of Pirro Nord 13, Italy (Arzarello et al., 2007,
2009, 2012; Arzarello and Peretto, 2010; Arzarello et al., 2015). The
site provides evidences for one of the earliest hominin occurrences
in Western Europe. A Mode 1 lithic assemblage was identified in
spatial and stratigraphic association with late Villafranchian/early
Biharian mammal remains, including the extinct vole Allophaiomys
ruffoi, which allowed for a biochronologically refined age between
1.3 and 1.6 Ma (Lopez-García et al., 2015). The deposit occurs as
the fill of a karst fissure, exposed and partially destroyed by ongo-
ing mining activities of a Mesozoic limestone quarry. Since post-
depositional processes, such as water-flows internal to the karst sys-
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tem, may have put in spatial and stratigraphic contact material of
diverse provenience, it is of crucial importance to assess the integrity
of the deposit. Therefore, the specific goal of this study is to evaluate
the degree and reliability of the spatial association of the lithic arti-
facts with the faunal remains that were used for the biochronological
estimate of the site.

Paper II: autochthonous vs. allochthonous assem-
blage at Marathousa 1

Paper II uses a comprehensive set of spatial statistics in order to
disentangle the formation processes acting at the Middle Pleistocene
open-air site of Marathousa 1, Megalopolis Basin, Greece (Harvati
et al., 2016; Panagopoulou et al., 2015). The site, dated between 400
and 500 ka on the basis of biochronological (Doukas et al., In press;
Konidaris et al., In press), radiometric (Jacobs et al., In press) and
palaeomagnetic (Tourloukis et al., In press) results, offers important
insights to the understanding of the broader context of the Middle
Pleistocene mega-faunal exploitation sites in Europe (Tourloukis et
al., In press). In one of the two excavated areas (Area A), a partial
skeleton of a Palaeoloxodon antiquus and other faunal remains were
unearthed spatially and stratigraphically associated with lithic arti-
facts. A second excavated area (Area B), about 60m from Area A,
yielded a rich lithic assemblage also associated with faunal remains,
including specimens of other elephants. Cut-marks were identified
on bones of the elephant skeleton in Area A and other faunal re-
mains in Area B (Konidaris et al., In press). The find-bearing units
in both areas are stratigraphically correlated and represent an en-
mass deposition by mud- and hyperconcentrated flows in a lake mar-
gin environment (Karkanas et al., In press). Due to the secondary
depositional context of the site, questions arise about the reliabil-
ity of the spatial association between the lithic artifacts and the
faunal remains. The main aim of this paper is to test two contrast-
ing hypotheses about the autochthony of the archaeological record,
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Objectives

with important consequences for the interpretation of the site in
the broader context of the Middle Pleistocene human-proboscidean
interactions.

Paper III: anisotropy and selective preservation at
Tsiotra Vryssi

Paper III analyses orientation patterns and differential preserva-
tion of the fossil record at the Early Pleistocene locality of Tsiotra
Vryssi (TSR), Greece (Konidaris et al., 2016, 2015). TSR is located
in the Mygdonia Basin, in the fluvio-terrestrial Gerakarou Forma-
tion, which consists mainly of a suite of alluvial deposits, including
channel-fill sands and gravels, floodplain silty muds and red clays
(Koufos et al., 1995). The TSR faunal assemblage is preliminary
dated on biochronological grounds between 1.8 and 1.2 Ma (late
Villafranchian) (Konidaris et al., 2015). The main goal of this paper
is to disentangle the taphonomic history of the TSR locality. Specific
research questions address the depositional environment, the number
of depositional events (single or multiple) and the degree of trans-
portation of the fossil record (autochthonous vs. allochthonous).
Furthermore, a complementary goal of this paper is to contribute
to the building of an essential spatial taphonomic reference frame-
work (Domínguez-Rodrigo et al., 2017). Undoubtedly, the spatial
taphonomic analysis of non-anthropogenic fossil assemblages is of
fundamental importance for the taphonomic interpretation of many
Pleistocene sites bearing archaeological material.
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3
Results and Discussion

This section summarizes the key results from the three papers form-
ing this cumulative dissertation and reviews the main contributions
of this PhD project to the application of spatial taphonomy in ar-
chaeological and palaeontological research.

Paper I: developing a multilevel and multiscale
spatial
taphonomy

Paper I investigates syn- and post-depositional processes at the ar-
chaeological karst deposit of Pirro Nord 13, Italy. The main aim
is to assess the stratigraphic integrity of the site and confirm the
association of the lithic artifacts with the fossil remains used for its
biochronological estimate. By applying spatial point pattern anal-
yses, the paper investigates both i) the spatial association of the
archaeological and palaeontological remains, and ii) the spatial dis-
tribution of diagenetic surface alterations on lithic artifacts and fos-
sils (i.e., Fe-Mn oxides, commonly deposited in karst environments
by circulating waters).

This is the first study to systematically employ in a taphonomic
perspective advanced point pattern analysis of biostratinomic and
diagenetic processes. Specifically, by applying cross-type functions
to i) the spatial distribution of the finds, this study aims to quanti-
tatively evaluate fieldwork observations regarding their spatial and
stratigraphic association. In a hypothesis testing framework, a posi-
tive spatial correlation between the two types of finds would indicate
that they are more likely found close to each other than would be ex-
pected under the alternative hypothesis that they were deposited by
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Results and Discussion

two independent processes. Therefore, in order to further evaluate
the degree of post-depositional disturbance of the deposit, cross-type
functions are applied to ii) the spatial distribution of the observed
diagenetic alterations on the lithic and faunal assemblages, regarded
as the outcome of related diagenetic processes. Taphonomic pro-
cesses are treated as spatial point processes and the observed spa-
tial distribution of taphonomic features is regarded as generated by
those processes. Therefore, elaborating on the first law of geogra-
phy (Tobler, 1970), it is assumed that taphogenic products in space
are not mutually independent and that entities which are close to
each other are likely to have followed the same genesis. Like in spa-
tial epidemiological studies (Diggle, 2003; Gatrell et al., 1996), a
conditional analysis of the distribution of diagenetic alterations is
conducted under a random labelling hypothesis: the finds are ran-
domly labelled as cases (remains with positive taphonomic status)
or controls (non-altered remains). Accordingly, the null hypothesis
to be tested states that the taphonomic status of each find is ran-
dom, independent and with a constant risk of occurrence. Thus,
the diagenetic process can be regarded as random and independent
from the original condition of the finds. The alternative hypoth-
esis assumes that the spatial aggregation of Fe-Mn coated faunal
remains and lithic artifacts - and consequently spatial segregation
from non-oxidized ones - indicates the action of localized diagenetic
agents.

Results of the analyses confirm the field observations about the
close stratigraphic association between lithic artifacts and faunal re-
mains, supporting the previous interpretation of the deposit as the
result of repeated mass-wasting processes, filling the karst sink-hole
directly opening to the outside (Arzarello et al., 2012). The pres-
ence of partially articulated vertebrate skeletal elements and their
general low degree of weathering also suggest a quick burial and
minor transport (Bagnus, 2011). The autochthony of the assem-
blage is further corroborated by the fresh conditions of the lithic
artifacts (Arzarello et al., 2015). Furthermore, no statistically sig-
nificant evidence of post-depositional reworking processes are found.
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The random distribution of diagenetic alterations most probably oc-
curred as the result of independent processes, such as the content of
moisture or organic matter in the sedimentary body (Burroni et al.,
2002). Integrating previous taphonomic observations on the lithic
and faunal assemblages, this study confirms from a spatial tapho-
nomic perspective the stratigraphic integrity of the Pirro Nord 13
deposit.

With this study, the analysis of taphonomic spatial patterns con-
tributes to a so far unexplored field of research which finds com-
pelling applications in Paleolithic research. As an example, karst
systems, working as sediment traps, constitute secure archives of
the early past of human evolution. However, interpretations of karst
deposits require accurate taphonomic analyses, especially when spa-
tial associations are used as key arguments for supporting human
behavioural interpretations (Dirks et al., 2015; Egeland et al., 2018;
Sala et al., 2015, among others).

Paper II: working in hypothesis testing frameworks

Paper II tests two contrasting models of deposition (autochthonous
vs. allochthonous; sensuDomínguez-Rodrigo et al., 2012; Fernández-
López, 1991) at the open-air site of Marathousa 1, Greece. The main
aim is to evaluate the ‘behavioural reliability’ of the observed spatial
association between lithic artifacts and faunal remains - i.e., estimate
the extent to which the recorded spatial association is effectively in-
dicative of past human activities.

As pointed out earlier, behavioural inferences must be supported
by statistical inferences in a hypotheses testing framework when
analysing spatial patterns. Paper II addresses this need, by mov-
ing beyond the traditional intuitive method of eye-spotting spatial
patterns and by applying in a geoarchaeological perspective compre-
hensive spatial statistics. Fabric analysis is employed to statistically
test isotropic patterns and correlate the orientation assumed by el-
ements from different stratigraphic units with plausible geological
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processes. Point pattern analysis is used to investigate the multiscale
relative distances between finds of different types and from different
stratigraphic units. Moreover, a new method for the analysis of the
vertical distribution is developed, which overcomes the limitations
of traditional cross-section projections. Monte Carlo simulations are
used in a hypothesis testing framework, in order to have appropriate
confidence levels of inferences.

According to the autochthonous hypothesis, the carcass of the
Palaeoloxodon antiquus, together with other faunal remains and
lithic artifacts, was slightly buried in, or lying on the exposed sur-
face of a lake shore mudflat area of the site. A subsequent mud- or
hyperconcentrated flow event would have eroded and scoured that
surface, entraining the clastic material (including artifacts) and re-
depositing it (sensu Fernández-López, 1991) at a short distance. The
flow would have as well buried the elephant carcass, eventually dis-
placing its elements at a small scale. This model implies the loss
of any original spatial relations between remains, but minor trans-
port from the primary depositional location. Thus, although in sec-
ondary position, the lithic assemblage can be regarded as spatially
correlated with the faunal assemblage, supporting the current inter-
pretation of Marathousa 1 as a butchering site. On the other hand,
according to the alternative allochthonous hypothesis, the massive
mud- or hyperconcentrated flow would have re-elaborated material
(sensu Fernández-López, 1991) and significantly transported it from
the original loci of deposition to the site. Consequently, the recorded
spatial association between the lithic artefacts and the faunal re-
mains would not support drawing inferences about on-site human
exploitation of faunal resources. The two models are spatially ex-
clusive. However, a certain degree of contemporaneous presence of
humans and animals before final burial is expected in either cases.
Indeed, the en mass deposition of mud- and hyperconcentrated flows,
entraining lithic artifacts, faunal remains and capping the elephant
skeleton, represents a terminus ante quem for the deposition of the
archaeological and palaeontological material, independently of its
location. Since spatial association does not necessarily imply causa-

20



tion, here the research question is whether the archaeological assem-
blage, composed of small-sized lithic and bone artifacts, is correlated
with the remains of the elephant Palaeoloxodon antiquus as well as
other mammals.

In order to test the two mutually exclusive depositional models,
this study explicitly adopts a geoarchaeological approach. By consid-
ering the archaeological material as a sedimentary component (i.e.,
remains are treated as geological clasts), the spatial distribution of
the finds (orientation of elongated elements and three-dimensional
position) is interpreted on the basis of actualistic and experimental
observations of mud- and hyperconcentrated flows (Benvenuti and
Martini, 2002; Lindsay, 1968; Pierson, 2005). Therefore, comple-
mentary spatial statistics (fabric and point pattern analyses) are
used in an hypothesis testing framework. The allochthonous model
assumes continuous vertical distribution of the material. Indeed,
massive processes such as mud- or hyperconcentrated flows have
high erosional power and rather chaotic structure, which may re-
sult in inverse or normal grading (Benvenuti and Martini, 2002).
Linear fabric, parallel or normal to the flow direction, is also re-
ported (Benvenuti and Martini, 2002; Lindsay, 1968). Moreover,
consistency with a spatial random and independent distribution of
clasts is expected for the material entrained in a massive, chaotic
flow.

On the other hand, lithic artifacts are found rather clustered
and aggregated around the elephant skeleton in Area A. In Area
B, the distribution of finds suggest also clustering and significant
spatial correlation. Absence of vertical grading and concentration
of unsorted material in the proximity of the erosional surfaces as-
sociated with the flow are observed in both areas. An isotropic
pattern is detected in Area B, while the elephant skeletal elements
lie in close anatomical association, slightly displaced and preferen-
tially oriented. All together, the results of the spatial analyses reject
with confidence the null hypothesis of an allochthonous deposition
in favour of the alternative autochthonous model. Hence, significant
displacement of the material can be excluded. The same flow that
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capped the elephant in Area A most probably locally reworked at a
small scale the already exposed or slightly buried and spatially asso-
ciated lithic and faunal assemblages. Minor transportation is further
confirmed by preliminary taphonomic observations conducted on the
archaeological and faunal assemblages. Lithic artefacts are very well
preserved and technologically consistent (Tourloukis et al., In press).
Faunal remains, although highly fragmented, do not show traces of
rounding and are in a good state of preservation (Konidaris et al.,
In press). Therefore, multiple lines of evidences support the current
interpretation of Marathousa 1 as a butchering site.

However, high-resolution inferences about the use of space by
human groups at the site are unreliable. The observed spatial pat-
tern is indeed the result of a massive geological event capping a
palimpsest of spatial processes. Considering the rate of bone frag-
mentation, the high frequency of lithic debris and the spatial den-
sity of the finds, it is likely that the assemblage represents locally
repeated events of hunting/scavenging and exploitation of lake shore
resources. Clearly, such mixed palimpsest of events constrains the
spatio-temporal resolution of our inferences. It does not intuitively
retain information regarding the short-time episodes of past humans
activities. Most likely, it allows us to identify patterns and trends
in longer time spans and to discern behavioural significance over the
middle- to long-terms.

Nevertheless, with reference to a given set of research problems
(Binford, 1981a) and in favorable depositional context, spatial ta-
phonomy, along with the traditional archaeological, geoarchaeolog-
ical and taphonomic approaches, may enhance our understanding
of palimpsests and better approximate the spatio-temporal scale of
archaeological inferences. With regard to high-resolution short-term
reconstruction, actualistic research provides suitable guidelines, but
not universally valid analogues. Moreover, the use of ethnographic
or experimental models as referential framework retains a structural
tension - a mismatch between the time range of the ethnographic
or experimental observation and the time span of the archaeologi-
cal record. On the other hand, palaeontological assemblages in fa-
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vorable, explicit depositional context offer an opportunity to build
important references to the middle- to long-term natural processes.

Paper III: building frames of references

Paper III analyses site formation processes at the vertebrate locality
of Tsiotra Vryssi, Greece. By conducting a spatial taphonomic study
of a non-human related faunal assemblage, this study contributes to
the building of an essential referential framework for the taphonomic
interpretation of human-related fossil assemblages deposited in flu-
vial environments (Domínguez-Rodrigo et al., 2017).

Fluvial deposits are essential archives for Paleolithic research.
Water-flow processes, among the most important natural processes
involved in the formation and modification of palaeontological and
archaeological sites, have long been the focus of rigorous investiga-
tions (Behrensmeyer, 1975b, 1982, 1988; Nash and Petraglia, 1987;
Petraglia and Nash, 1987; Petraglia and Potts, 1994; Schick, 1987b;
Schiffer, 1987; Toots, 1965; Voorhies, 1969, among others). From a
spatial perspective, anisotropy is one of the main proxies tradition-
ally used for discriminating autochthonous vs. allochthonous assem-
blages. Since elongated bones have been observed to preferentially
align along the flow direction, spatial anisotropy, detected by fabric
analysis, would therefore suggest substantial transport prior to final
burial. Nevertheless, anisotropy has been equally documented in au-
tochthonous lag assemblages undergoing minimal re-sedimentation
(Domínguez-Rodrigo et al., 2014a, 2012, 2017, 2014c). Therefore,
fabric analysis, although powerful and widely applied in Paleolithic
research (Aramendi et al., 2017; Benito-Calvo and de la Torre, 2011;
Cobo-Sánchez et al., 2014; de la Torre and Benito-Calvo, 2013;
Domínguez-Rodrigo et al., 2014b, 2012, 2014d; Organista et al.,
2017, among others), is however not sufficient to unequivocally dis-
criminate processes and should be integrated with the analysis of
other diagnostic features (Lenoble and Bertran, 2004). Skeletal
element representation, size sorting, breakage pattern and surface
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modification are other commonly investigated taphonomic variables
potentially indicative of the selective action of water-flows (Behrens-
meyer, 1975a; Kaufmann et al., 2011; Lyman, 1994; Voorhies, 1969,
among others). The morphology of the assemblage itself is another
variable indicative of formation processes, although rarely investi-
gated (Schiffer, 1983).

This study elaborates on a seldom investigated aspect of spa-
tial taphonomy (multiscale multilevel anisotropy) which enhances
our understanding of natural processes. Anisotropy is indeed the
product of physical anisotropic processes, such as fluvial or eolian
processes, which modify at multiple scales and levels of organisa-
tion the original spatial properties of taphonomic entities. Thus,
multiscale multilevel spatial anisotropy refers to the preferential ori-
entation adopted, at variable scales of analysis, by different levels of
a taphonomic system: basic taphonomic elements, groups, popula-
tions and taphoclades (sensu Fernández-López, 2006). This is the
first study to specifically employ advanced spatial statistics (fab-
ric analysis, geostatistics, wavelet analysis and point pattern anal-
ysis) for the analysis of orientation patterns both at the level of
simple taphonomic elements (i.e., elongated faunal remains) and at
the assemblage level. Furthermore, analyses of spatial anisotropy
are supported by traditional observations regarding the differential
preservation of skeletal elements.

In a terrestrial alluvial environment such as that of TSR, a lin-
ear fabric of basic taphonomic elements (i.e., elongated bones) would
suggest a strong preferential orientation of the sample, that might
be indicative of channelised water flows (Petraglia and Potts, 1994).
At the higher level of the taphonomic population (i.e., the fossil as-
semblage), spatial anisotropy is expected to be detected as well, and
most likely to share the same preferential orientation with the basic
taphonomic elements. Indeed, elongated lag deposits are character-
istic patterns observed in association with water-flows (Domínguez-
Rodrigo et al., 2012). Notably, results of our multiscale multilevel
spatial analyses suggest recursive anisotropy both at the level of ba-
sic taphonomic elements and at the assemblage level. Fabric anal-
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ysis, geostatistics, wavelet and point pattern analyses all indicate
preferential orientation towards the same direction, suggesting the
action of relatively high-energy water-flow processes. Moreover, they
reveal secondary anisotropy towards other directions, mostly orthog-
onal to the main one. Whereas long bones can roll orthogonally to
the direction of the flow (Voorhies, 1969), noise in the main di-
rectional trend at the assemblage level may indicate multiple de-
positional processes, or secondary reworking by post-depositional
processes. Analysis of the differential preservation of skeletal el-
ements suggests minor winnowing of the assemblage, with tapho-
nomic sieve of the smallest, cancellous bones. Indeed, assemblages
subject to moderate to high-energy water-flows would typically show
an under-represented number of smaller, less dense bones (Voorhies,
1969). However, under-representation of less dense, axial elements
may similarly indicate carnivore ravaging (Domínguez-Rodrigo et
al., 2012). Nevertheless, the multilevel recursive anisotropy and the
overall distribution of finds suggest multiple dispersion events and
recurrent spatial re-arrangement of a lag, (peri)autochthonous as-
semblage. From an independent line of evidence and in agreement
with the spatial analyses, sedimentological results indicate consis-
tency with cyclical lateral switching of a braided fluvial system.

Fossil assemblages deposited in fluvial environments may assume
a wide range of forms, ranging from (peri)autochthonous, rearranged
and biased lag assemblages to transported, allochthonous or even
mixed assemblages (Behrensmeyer, 1988; Domínguez-Rodrigo and
García-Pérez, 2013; Petraglia and Potts, 1994). By unravelling site
formation processes at the vertebrate locality of Tsiotra Vryssi, this
study contributes to the building of a referential framework for the
study of early hominin sites found close to fresh water bodies. In
order to fully comprehend the archaeological record, it is essential
to test within a referential framework alternative taphonomic hy-
potheses. Controlled flume experiments provide replicable results.
However, they cannot reproduce spatial patterns that had been de-
veloping over an extended period of time. Therefore, more data have
to be collected from undisturbed human-made, carnivore-made and

25



Results and Discussion

human-made/carnivore modified assemblages (Domínguez-Rodrigo
et al., 2017). Spatial taphonomy complements, in archaeological
and palaeontological research programs, the traditional taphonomic
and geological approaches. It enhances our understanding of mul-
tiscale and multilevel taphonomic processes with implications for
palaeoecological reconstruction, biochronological estimates and the
interpretation of past human behaviours.
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4
Concluding remarks

Space is an ineluctable analytic dimension in investigating the ar-
chaeological record. The extent to which any observed spatial pat-
terns reliably reflect past human behaviour is essentially related
to the preservation of the archaeological record and to the spatio-
temporal perspectivism of given research problems. Nevertheless,
spatial patterns are highly informative of the dynamics of cultural
and natural processes. However, along with the sampling range and
resolution, the employed analytical methods systematically affect
our ability to identify spatial patterns.

Over the last 40 years, paradigms and methodological approaches
have been largely fixed in formation theory. However, the need re-
mains for the use of more quantitative, hypothesis-driven analyti-
cal approaches to the study of the spatial properties of taphonomic
processes. Moreover, further research is needed if we are to fully
understand the mode of action of different processes, to link these
processes to the resulting spatial patterns, and enrich our frame of
references.

This dissertation makes an important contribution to the de-
velopment of a quantitative spatial taphonomic approach to the
study of formation processes. Bridging the traditional archaeo-
logical, geoarchaeological and taphonomic approaches in a spatio-
temporal framework, this dissertation paves the way for future stud-
ies in site formation processes.
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Abstract

Ever since their percolation from neighbour disciplines, archaeology
has employed spatial statistics to unravel, at different scales, past
human behaviors from scatters of material culture. However, in the
interpretation of the archaeological record, particular attention must
be given to disturbance factors that operate in post-depositional pro-
cesses. In this paper, we answer the need for a specific taphonomic
perspective in spatial analysis by applying point pattern analysis of
taphonomic alterations on the faunal and lithic assemblages from the
Early Pleistocene site of Pirro Nord 13, Italy. The site, biochrono-
logically dated between 1.3 and 1.6 Ma BP, provides evidence for an
early hominin presence in Europe. The archaeological and paleonto-
logical deposits occur as filling of a karst structure that is currently
exposed. We investigated the distribution of the archaeological and
paleontological assemblages, as well as the distribution of identified
taphonomic features, in order to evaluate the degree and reliability
of the spatial association of the lithic artifacts with the faunal re-
mains. Our results contribute to the interpretation of the diagenetic
history of Pirro Nord 13 and support the stratigraphic integrity of
the site.
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A.1 Introduction

Studies of site formation processes and spatial analyses have long
recognized the role of post-depositional factors in affecting the in-
tegrity of archaeological assemblages (Hodder and Orton, 1976; Pe-
traglia and Nash, 1987; Schick, 1984, 1986; Schiffer, 1972, 1983,
1987; Wood and Johnson, 1978). More recently, a number of schol-
ars have stressed the importance of establishing the degree of dis-
turbance to archaeological deposits to fully comprehend the archae-
ological record (Dibble et al., 1997; Djindjian, 1999; Texier, 2000).

Besides geoarchaeological techniques, several archaeological and
paleontological methods are widely applied to characterize the pro-
cesses involved in the formation of an archaeological site and to
assess any post-depositional ‘background noise‘. Taphonomy moves
from its original definition (Efremov, 1940) to a wider conceptual
framework, targeting vertebrate assemblages, as well as taphonomic
entities produced by human behaviour (Domínguez-Rodrigo et al.,
2011). Moreover and often in joint effort, from different spatial
perspectives, fabric analysis (Benito-Calvo and de la Torre, 2011;
Bernatchez, 2010; Bertran et al., 1997; Bertran and Texier, 1995; de
la Torre and Benito-Calvo, 2013; Domínguez-Rodrigo et al., 2014c;
Lenoble and Bertran, 2004; McPherron, 2005); refitting analysis
(López-Ortega et al., 2011; Sisk and Shea, 2008; Villa, 1982); vertical
(Anderson and Burke, 2008) and size distribution analysis (Bertran
et al., 2006, 2012; Petraglia and Potts, 1994) offer meaningful con-
tributions in the unraveling of site formation and modification pro-
cesses.

The importance of spatial statistics in the interpretation of ar-
chaeological sites has long been recognized (Hodder and Orton, 1976;
Whallon, 1974). However, studies of spatial patterning mostly fo-
cus on the behaviour of past populations, assuming that scatters of
material culture (if not disturbed) are reflections of prehistoric ac-
tivities. Moreover, distribution maps still rely mainly on visual ex-
aminations and subjective interpretations (Bevan et al., 2013). On
the other hand, quantitative methods, adopted from neighbor disci-
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plines since the early 1970s (see Hodder and Orton (1976) and Orton
(1982); and references therein), continue to promote new impulses
to archaeological spatial analyses and allow for the characterization
of spatial patterns by adopting a more formal, inductive approach.
Recent studies (Bevan and Conolly, 2006, 2009, 2013; Bevan et al.,
2013; Bevan and Wilson, 2013; Crema, 2015; Crema et al., 2010;
Crema and Bianchi, 2013; Eve and Crema, 2014; Orton, 2004), even
acknowledging post-depositional effects or research biases, have con-
tinued to adopt at different scales (from intra-site to regional scales)
improvements in spatial statistics to unravel past human behaviors
from scatters of material culture. Yet, only a relatively limited num-
ber of scholars have applied spatial statistics to site formation and
modification processes analysis (Carrer, 2015; Domínguez-Rodrigo
et al., 2014a,b).

In this paper, we adopt a taphonomic perspective to spatial point
pattern analysis of the lithic and faunal assemblages from the Early
Pleistocene site of Pirro Nord 13, Italy (Arzarello et al., 2007, 2009,
2012; Arzarello and Peretto, 2010).

The site (P13) provides important contributions to the ongoing
debate about the first hominin occurrence in Europe (Carbonell et
al., 2008; Crochet et al., 2009; Despriée et al., 2006, 2009, 2010;
Lumley et al., 1988; Parés et al., 2006; Toro-Moyano et al., 2011,
2009, 2013). A ‘Mode 1‘ lithic assemblage has been identified in
stratigraphic association with late Villafranchian/early Biharian pa-
leontological remains. Furthermore, the presence of the Arvicoli-
nae species Allophaiomys ruffoi correlated to the Mymomis savini-
Mymomis pusillus biozone, allows for a biochronologically refined
age between 1.3 and 1.6 Ma, making P13 one of the most ancient
localities with human evidence currently known in Western Europe
(Lopez-García et al., 2015).

The paleontological and archaeological remains are preserved in-
side a complex karst system, exposed and partially destroyed by
mining activities of a Mesozoic limestone quarry. The fissure P13
is a vertical fracture located at the stratigraphic boundary between
the Mesozoic limestone and the Pleistocene calcarenite formation.
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The deposit of the fissure is, at the time of writing, more than 4
m thick. Four Sedimentary Units (SUs) have been distinguished on
lithological basis. From the top to the bottom of the section, units
A to D are characterized by sediments of clayey-sand of increasing
thickness (Fig. C.1). Unit A includes few coarse gravels and a very
low number of paleontological and archaeological remains. Unit B
contains more gravels, while an abrupt increase in the number and
dimension of clasts and large blocks of Pleistocene calcarenite is ev-
ident within units C and D. These last units show poor size sorting
of angular and sub-rounded gravels, probably correlating to a low
degree of reworking that took place during a short interval of time.
We also record a significant increase in the number of fossils and
artifacts.

As a residual component of a wider karst system, it is worthwhile
to assess the degree of any potential post-depositional reworking of
the archaeological and paleontological remains and to evaluate the
stratigraphic integrity of the site.

The main goal of our study is to use a taphonomic perspective
in spatial data analysis, in order to evaluate degree and reliability of
the spatial association of the lithic artifacts with the faunal remains
that were used for the biochronological dating of the site.

By applying point pattern analysis of the spatial distribution of
the lithic and faunal assemblages, we aim to

1. investigate the processes involved in the formation of the Pirro Nord
(P13) deposit.

A positive spatial association of the two types of find would support
the assumption, base on field observations, that the deposition of
the archaeological and paleontological materials occurred simulta-
neously, as a result of subsequent mass wasting events.

With the application of point pattern analysis to identified tapho-
nomic features on the lithic and faunal assemblages, our ultimate
objective is to

2. evaluate the degree of post-depositional disturbance of the site.
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Figure A.1: Geographical location of the Pirro Nord site. Picture of the
fissure P13 inside the Cave Dell’Erba quarry and view of the excavated
area (2013), with marked bases of the sedimentary units.
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Indeed, reworking and re-deposition processes could put in strati-
graphic contact materials from diverse provenience. The identifica-
tion of taphonomic spatial patterns allows us to model the spatial
processes that produced them and thus propose a reconstruction of
the agents involved in the formation and modification of the deposit.

A.2 Background

With the authors’ permission, we integrate in our study unpublished
(Bagnus, 2011) and published (Arzarello et al., 2012, 2015) data
from previous taphonomic studies. A brief report is presented here.

A.2.1 Taphonomy of macrovertebrate fossils

Taphonomic analysis (Bagnus, 2011) on macrovertebrate fossils eval-
uated biostratinomic and diagenic processes and grouped faunal re-
mains into different sub-categories: three main taphorecords (TRs,
sensu Fernández-López, 1987) are defined according to different stages
of bone surface modifications by physical and chemical agents (Tab. C.1).
Grouping was based mainly on weathering (Behrensmeyer, 1978;
Díez et al., 1999; Kos, 2003; Torres et al., 2003), abrasion (Behrens-
meyer, 1991) and oxidation (Hill, 1982; López-González et al., 2006;
White, 1976; White et al., 2009), because these alterations prevail
and are widespread across all the sedimentary units.

Based on macroscopic observations of these main taphonomic
features, fossils from TR2 and TR3 are interpreted as re-deposited
fossils: displaced bones along the sedimentary surface before burial;
whereas fossils from TR1 are considered re-elaborated (sensu Fernández-
López, 1991, 2007, 2011). The higher degree of abrasion and the
presence in the latter sub-group of multiple generations of oxides,
non-uniformly distributed on the fossil, are explained with repeated
exhumations and dislocations of previously buried elements (López-
González et al., 2006).

Therefore, a hypothetical model of site formation processes has
been proposed: animals died close to the karst sinkhole and the
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action of heavy rains transported sediments and partially articulated
carcasses into the fissure. The rapid burial of fossils is confirmed by
the general low degree of weathering. Karst erosional processes are
responsible for the very large percentage of fractured fossils, as a
result of the collapse of rock blocks from the vault. The TR1 group
of fossils points to internal water-flows, reworking and transportation
of already fossilized bones. Finally, manganese oxides that give the
external widespread black color to all the fossils, stones and part of
the lithic artifacts are products of the phreatic water fluctuation.

Although the taphonomic analysis definitely improved the inter-
pretation of the P13 fossiliferous deposit, the interactions between
bones and karst water flow have not been studied in relation to the
spatial distribution and orientations of the skeletal elements.

Taking into account the inherent spatial properties of tapho-
nomic processes, we assume that taphogenic products (sensu Fernández-
López, 2000) in space are not mutually independent and that entities
which are close to each other, are likely to have followed the same
genesis.

Thus, in order to tackle our second objective, we analyze the
spatial distribution of Fe-Mn oxides on the fossils, since the cause
of their formation may derive from the action of circulating waters.
Three ordinal degrees of oxidation (low, medium and high) are rec-
ognized, based on its aspect, intensity and extension. We assume
that spatial aggregation of heavily-coated faunal remains (and con-
sequently segregation from non-oxidized ones) is an indication of
interactions with karst water flow.

A.2.2 Taphonomy of lithic artifacts

The degree of natural alterations (thermal, tribological and chemi-
cal) of the lithic artifact surface, as a result of contact with the sed-
iments, is a valuable index of integrity of the depositional context
and it can usefully support spatial analysis in reconstructing both
the past environmental conditions and the site formation processes
(Burroni et al., 2002).
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Table A.1: Contingency table of taphorecords (reproduced from Bagnus,
2011).

SU TR1 TR2 TR3 Total by SU
A 10 30 45 85
B 26 86 114 226
C 34 69 179 282
Total by TR 70 185 338 593

According to a recent review of preliminary technological anal-
yses (Arzarello et al., 2012, 2015), the lithic assemblage shows a
general good state of preservation. If we consider the degree of pati-
nation as a good indicator of the intensity, and not necessary of the
duration, of chemical processes to which the deposit has been sub-
jected (Burroni et al., 2002), artifacts undergo non-homogeneous in-
teractions with chemical agents. Besides fresh artifacts, many of the
specimens (35%) bear Fe-Mn coatings (Fig. B.2a). Iron-manganese,
as well as white superficial patina (5%), seems to equally affect ar-
tifacts of different flint raw materials, more readily on those with a
porous structure (Fig. B.2b).

Macroscopic observations of tribological features on the assem-
blage reveal mint to sharp, not rounded, artifact ridges and edges.
Post-depositional fractures affect 20% of the lithic material (Fig. B.2c).

No refittings were found, as it is reasonable to expect for mate-
rials in a secondary context.

As particle size distribution of lithic assemblages has great im-
plications in interpreting site formation processes (Bertran et al.,
2012), systematic screen-washing of sediments was carried out in or-
der to guarantee recovery of lithic debris, even though a very low
percentage of small-size specimens has been noted. This result can
be initially explained either as a function of the mode of knapping,
which did not produce a lot of debris, or is more likely due to nat-
ural post-depositional processes (winnowing of low energy agents),
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prior to final burial, possibly outside the karst fissure. Moreover, the
dimensional analysis of the complete lithic assemblage (Fig. B.2d)
does not show sorting effects.

We analyze the spatial distribution of taphonomic features on
the lithic assemblage, considering that various natural mechanisms,
disturbing the spatial arrangement of artifacts and sediments, will
produce distinctive combinations of wear features on the surfaces of
lithic artifacts (Burroni et al., 2002).

As for the faunal assemblage, we focus the analysis on the distri-
bution of Fe-Mn patinae. Three ordinal degrees of patination (ab-
sent, spotted and covering) are recognized, based on its presence and
extension. In order to evaluate the impact of post-depositional pro-
cesses at the site, we conduct independent and comparative tapho-
nomic spatial analyses with the fossil remains.

A.3 Spatial data collection and sampling

Since 2007, systematic field investigations of the P13 fissure have
been carried out by the University of Ferrara (in collaboration with
the Universities of Torino and Roma Sapienza, until 2010).

From the first excavation season, a grid of 1 square meter units
has been set. Since 2010, the three-dimensional coordinates of the
finds are recorded with a Total Station, which replaced the use of
a water level. Orientation (dip and strike) of coordinated faunal
remains (length ≥ 2 cm), geological clasts (length ≥ 5 cm) and all
the lithic artifacts is estimated with a 45 degree of accuracy, which
is not precise enough for detailed fabric analysis.

In order to avoid possible sampling issues in spatial data analysis
due to the variation in the recording methods, we select subsets of
the lithic and faunal collection, excluding SUs A and B, because
they have been excavated prior the use of the Total Station.

Focusing on SUs C and D, we scale the windows of analysis
according to the extension of excavated areas for each SU, excluding
the presence of the large blocks of rock. We reduce in this way
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the impact of the Modifiable Area Unit Problem (MAUP) in point
pattern analysis (Openshaw, 1996), especially insidious in this study
due to the particular geological setting of the site. The analyzed
areas of SUs C and D are respectively 4.34 m2 and 5.82 m2.

During 6 years of excavations, more than 1600 of 2152 macrover-
tebrate fossils have been spatially recorded: 471 from SU C and
916 from SU D. However, Bagnus (2011) conducted taphonomical
analysis on fossils recovered during the 2007 to 2010 field seasons
and only 593 of these are classified in one of the three taphorecords
(Tab. C.1). Our sample includes 135 coordinated elements of the
282 analyzed fossils from SU C. From the total number of 366 lithic
artifacts collected until the 2014 field season, 147 have been recorded
with three-dimensional coordinates. Our sample includes 34 lithics
from SU C and 84 from SU D. From the micro-mammal assemblage,
we include in this study only the Allophaiomys ruffoi species. Of the
53 arvicoline teeth collected from the screen-washed sediments, 49
have secure provenance attribution from SU B (n = 2), C (n = 14)
and D (n = 33) (Lopez-García et al., 2015). However, the A. ruf-
foi point pattern does not represent the exact distribution of the
remains. Indeed, we randomly displaced (r = 0.5) each point indi-
cating the provenience of the sieved sediment.

A.4 Vertical distribution

The vertical distribution of finds is a key factor in the analysis of
site formation processes. Many processes can be well approximated
by a ‘nearly’ normal distribution. However, testing the appropriate-
ness of this assumption is an essential step in spatial data analysis.
Strongly right skewed distribution would occur in case of a non-
uniform vertical distribution of finds; thus requiring the analysis to
acknowledge the covariate effect of gravity in the observed spatial
pattern.

The vertical distribution of finds within SU C is globally uni-
modal, roughly symmetric (slightly left skewed), in spite of some out-
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liers (Fig. B.3a). It ‘nearly’ approximates the maximum-likelihood
fitting of a normal curve (red line) with mean (µ) = −1.53 m and
standard deviation (σ) = 0.27 m. However the Shapiro-Wilk nor-
mality test rejects the null hypothesis of a gaussian distribution
(p− value = 0.0005). On the other hand, the Q-Q plot (Fig. B.3b)
shows deviations from the theoretical normal distribution (red line)
between one (68.27% of the sample) and two (95.45%) standard de-
viations from the mean. The S-shaped empirical distribution recalls
its left skew.

The global vertical distribution of finds resemble that of the fau-
nal assemblage, due to the weight of the latter on the sample data
(n = 471). The distribution of the lithic artifacts is more left skewed,
while the small sample of micromammals follows a multimodal distri-
bution with a prominent peak at −1.2 m (Fig. B.3a). Although the
difference in size of the two samples, it is worth notice that the mean
value of the vertical distribution of A. ruffoi is very close to that of
the lithic artifacts (Welch Two Sample t-test p− value = 0.5803).

The vertical distribution of finds in SU D is globally unimodal,
slightly left skewed, with one peak at −2.10 m and no outliers
(Fig. B.3c). Although the distribution is close to the best fitting
normal curve (red line) with µ = −2.34 m and σ = 0.33 m, the
Shapiro-Wilk test rejects the hypothesis of normality (p − value =
2.497e− 12). The Q-Q plot (Fig. B.3d) shows a more dispersed dis-
tribution with respect to the former one. Its steeper line follows the
theoretical normal distribution within one standard deviation from
the mean (68.27% of the sample).

Compared with the global distribution, the vertical distribu-
tion of lithic artifacts slightly skews to the right. Nevertheless,
the Shapiro-Wilk test fails to reject the normality hypothesis (p −
value = 0.2742). On the other hand, the micromammal distribu-
tion is multimodal and slightly shifted to the right (Fig. B.3c). Its
mean (−2.284 m) is quite close to the mean of the lithic sample
(−2.423 m). However, the Welch t-test rejects the hypothesis of two
equal sample means (p − value = 0.0141). If we cannot state that
the two distributions have the same mean, we remark the highest
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density of both the assemblages at around −2.5 m.
As for the vertical distribution of the identified taphonomic fea-

tures on the lithic and faunal assemblages, Fig. B.4a,b illustrates
the overall distribution of patinae on the lithic artifacts, across SUs
C and D. The histogram shows the increasing number of finds be-
tween the two sedimentary units. This trend is reflected as well
in the rise of Fe-Mn patinated artifacts (41% in SU C and 45%
in SU D), compared to non-patinated ones (respectively 50% and
48%). The kernel density estimation (blue and green lines) shows a
slightly higher occurrence of patinated artifacts at the lower part of
the sequence (below −2.5 m), whereas in SU C (up to −2 m) there
is no evident preference in the vertical distribution of patinae. The
higher density of patinated artifacts, linked to the concentration of
lithics observed in Fig. B.3c at about −2.5 m, can be localized in
a restricted spot at the bottom right corner of the excavated area
(Fig. B.4a).

Restricting the analysis to SU C, the vertical distribution of co-
ordinated macrovertebrate fossils analyzed by Bagnus (2011) spans
71% of the elevation range of the complete assemblage from the same
SU. However, being only the 29% of the population, we acknowledge
that our sample cannot be considered representative.

The densities of the low and medium rate of oxides resemble the
general distribution (Fig. B.4c,b). Low values follow a ‘nearly’ nor-
mal distribution (Shapiro-Wilk normality test p − value = 0.2186).
The density of high oxidized remains (54% of the sample) draws a
left skewed distribution, with a peak at about −1.3 m; whereas fos-
sils with a medium degree of oxides are skewed to the right. How-
ever there is no clear preference for oxides to occur deeper in the
sequence. The mean values are very close to each other and lower
values of oxides are more dense at the bottom of the SU.

As for the distribution of the three taphorecords, the prominent
peak of TR1 at −1.6 m (Fig. B.4f) contrasts with a more distributed
and mixed distribution of the second and third groups of fossils.
However, the very low frequency of TR1 (n = 9) limits further anal-
yses.
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Figure A.3: Vertical distribution of finds in SUs C (a,b) and D (c,d).
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Point pattern analysis

Although our study is constrained by the small sample of fossils
and by its limited spatial extension to SU C, the analysis of the verti-
cal distribution of Fe-Mn oxides in the faunal and lithic assemblages
does not show any clear global pattern. Indeed, even taking into
account the localized cluster of artifacts at the very bottom of SU D
(Fig. B.4a), the process responsible for the distribution of Fe-Mn ox-
ides seems to operate indistinctly through the complete stratigraphic
sequence, with no explicit preference for lower elevations.

With no evidence for strong right skewed distributions of finds
in SUs C and D, we have reasons to exclude the covariate effect of
gravity in the observed spatial pattern. The subsequent point pat-
tern analyses are directed to the study of the 2D spatial distribution
of fossils, lithics and their taphonomic status.

A.5 Point pattern analysis

The observed patterns of the archaeological and paleontological re-
mains within SUs C and D, as well as the patterns of taphonomic
features recognized on them, have been treated as realizations of spa-
tial point processes, i.e. site formation and modification processes.

Indeed, a spatial point pattern is generally defined as the location
of events generated by a point process, operating simultaneously at
different scales: a first-order global scale and a second-order local
scale (Bailey and Gatrell, 1995). The former results from the fre-
quency (density) of events within a bounded region; the latter results
from spatial dependency between points, e.g. from a tendency for
values of the process at nearby locations to interact with each other.
Three different types of interpoint interaction are possible: random
(or Poisson); regular and cluster. Regular patterns are assumed to
be the result of inhibition processes, while cluster patterns are the
result of attraction processes. Therefore, two main issues of interest
are explored by spatial point pattern analyses: the distribution (den-
sity) of entities in space and the existence of possible interactions
between them (Ord, 1972).
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First-order effect in the observed point-pattern is generally non-
parametrically evaluated by means of kernel density estimation (Dig-
gle, 1985). As an average density of points in the study region,
intensity informs about uniform or inhomogeneous distribution of
events.

Multiple scales of second-order patterning and the probability
of a stochastic occurrence are explored by the Ripley’s K summary
function (Ripley, 1976, 1977) and derivates, for both univariate and
bivariate point patterns. The K function is designed to identify
the relative aggregation and segregation of point data at different
scales. The univariate K(r) function measures the expected number
of events found up to a given distance r around an arbitrary event.
By comparing the estimated value K̂(r) to its theoretical Complete
Spatial Randomness (CSR) value, it is possible to assess what kind
of interaction exists between events. The bivariate function, or cross-
typeKij(r) function seeks to evaluate, at each distance r, the spatial
relation between two types ij of observed events. In this case, the
definition of the null hypothesis uses a randomization technique of
either the location of one of the types (random shift hypothesis),
or the type itself of the event at each point, preserving the origi-
nal location (random labeling hypothesis) (Goreaud and Pélissier,
2003). The former aims to evaluate the spatial relationship between
patterns of two independent processes, while the latter assumes the
same process in determining the pattern for different types.

Especially in small dataset, the estimation of correlations be-
tween points is biased by edge effects, arising from the unobservabil-
ity of points outside the window of analysis. In order to reduce that
bias, we implement here Ripley’s isotropic edge correction (Ohser,
1983; Ripley, 1988).

Monte Carlo simulations (Robert and Casella, 2004) are used to
generate pointwise critical envelopes of random expected values for
the null hypotheses, providing an adequate level of statistical sig-
nificance. We choose a small significance level (α = 0.01 obtained
with 199 simulations), due to the higher possibility of committing
a Type 1 error by testing our hypotheses. Values of the empiri-
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cal distribution (black solid line) are plotted against the theoretical
Poisson distribution (red dotted line) and the simulated global en-
velope of significance (grey area). For K(r), when the solid line of
the observed distribution is above or below the shaded grey area,
the pattern is significantly clustered (points are closer together than
would be expected for a complete random pattern) or dispersed. For
Kij(r), the benchmark value πr2 is consistent with independence
between the points of types i and j, and does not imply a Poisson
distribution.

A.5.1 Formation processes

In order to investigate the processes involved in the formation of
the Pirro Nord deposit, we provisionally assume the deposition of
each sedimentary unit to be the result of mass wasting events filling
the fissure and resulting in the distribution of fossils and artifacts
independently of each other.

To test the appropriateness of our working assumption, we first
analyze the overall distributions of finds, treated as univariate point
patterns. Applying a set of exploratory statistics, we aim to deter-
mine the nature of the depositional processes, e.g. if they raise in- or
homogeneous distributions. Then, we analyze the relative patterns
of the faunal and lithic assemblages from SUs C and D. In this case,
we treat the two distributions as multitype point patterns.

The intensity of the lithic and faunal assemblages is non-parametrically
estimated by first performing a Gaussian smoothing kernel of their
distributions, for both SUs. Likelihood cross-validation bandwidth,
which assumes an inhomogeneous process, is selected for each pat-
tern. Edge correction is applied using the method of Diggle (1985).
Then, Berman’s Z2 test is used to determine whether or not the in-
tensity depends on a spatial covariate Z, assuming that the spatially
varying (inhomogeneous) intensity is a function of Z. Thus, in order
to measure the strength of dependence on the covariate, we use the
Receiver Operating Characteristic (ROC) curve. Spatially adaptive
smoothing, nearest-neighbour density and scan tests have been used
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in order to assess for the evidence of hot spots in the intensities
of the unmarked point patterns. Estimations of the K(r) and the
Kaplan-Meier corrected empty-space F (r) functions provide further
methods for the interpretation of the distributions.

Multitype summary functions are used in the analysis of the de-
pendence between points of the two assemblages. In this case, our
main research question is whether different types of finds have the
same spatial distribution. The cross-type Kij(r) function and the
Kaplan-Meier corrected nearest-neighbour Gij(r) function are used
to estimate the association between points of types i and j, for any
pair of types of finds. Positive spatial correlation between the two
types of finds would suggest that lithic artifacts are more likely to
be found close to fossils than would be expected for the hypothesis
of independence. It would confirm the field observations about their
close stratigraphic association and further support our hypothesis
that both patterns are the realization of one depositional process.
On the other hand, segregation of the two patterns is equivalent
to variation in the probability distribution of types. Segregation
could be interpreted as the expression of preferential/differential de-
positional processes. In this case, more detailed analyses would be
necessary.

A.5.2 Post-depositional processes

In order to evaluate the degree of post-depositional disturbance of
the deposit, the spatial dependence of observed taphonomic features
is assumed to be the expression of a related diagenetic process. Mea-
sured phenomena that are closer together in space, tend to be more
related than those further apart (Tobler, 1970).

Like in applications of point pattern analysis in spatial epidemi-
ology (Diggle, 2003; Gatrell et al., 1996), we distinguish between
cases and controls. The distribution of cases of a certain tapho-
nomic alteration can be regarded as the realization of a diagenetic
point process, whereas control points refer to non-altered remains.
In a conditional analysis of a spatial case-control study the locations
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are fixed covariates, and the taphonomic status is treated as a ran-
dom variable. The simplest null model (random labelling) is that
the taphonomic status of each find is random, independent and with
constant risk of occurrence.

Spatial correlations of diagenetic alterations on the lithic and fau-
nal assemblage are explored by theKij(r) function, random labelling
the pair case/control of Fe-Mn oxidation. We assume in this case
that an independent process (karst water circulation), subsequent to
the initial event responsible for the accumulation of the finds in each
SU, determined their preservation status. Positive deviations from
the null hypothesis, suggest that cases are more likely to be found
close to controls than would be expected if their status was randomly
determined. On the other hand, negative deviations would indicate
segregation between cases and controls. Thus, it would suggest that
the action of post-depositional water-related processes could have
locally reworked the original distribution, determining the altered
status of the remains.

All the spatial analyses were performed using the spatstat pack-
age (Baddeley and Turner, 2005) in R statistical software (R Core
Team, 2015).

A repository containing a compendium of data, source code and
text (Marwick, 2017) is archived at the DOI: 10.5281/zenodo.55736.

A.6 Results

A.6.1 Formation processes

Fig. B.5c,d shows the smoothing kernel estimation of the faunal as-
semblage intensity respectively in SUs C and D. Lithic artifacts and
micromammals remains of A. ruffoi are superimposed on it. The
visual assessment of the plot suggests positive spatial association
between the three types of finds. Higher intensities in the distribu-
tions are evident at specific values of the x coordinate (6 < x < 7
and 8 < x < 9), in both the sedimentary units. Yet, a concentration
of artifacts, already observed in Fig. B.3c and B.4a,b, is evident at
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the lower right corner of SU D (Fig. B.5e). Such higher densities of
finds are clearly shown as well in the scatterplots of the projected
third coordinate (Fig. B.5a,b). Notably, the thickness of the sedi-
mentary unit cannot be accounted to be responsible for those hot
spots with higher density of finds. Neither the apparent inhomoge-
neous intensities along the x axes are supported by the ROC curves
(Fig. B.5e,f). Even if Bermans’s Z2 tests suggest significant evidence
of dependence on the x covariate, the ROC curves show that it does
not have strong disctiminatory power.

Fig. B.6a,d shows the resulting p − values of likelihood ratio
scan test statistic. The test detects differences in the densities of
the distributions, showing zones with high abundance of finds. The
estimated homogeneous K̂(r) and F̂ (r) functions are consistent with
this result. For both SUs C (Fig. B.6b,c) and D (Fig. B.6e,f) they
suggest strong deviation from the null hypothesis of CSR towards
aggregation, at any scale.

In analyzing a point pattern, it is confounding and it may be im-
possible to distinguish between clustering and spatial inhomogeneity
(Baddeley et al., 2015). Given the context of the site, and the results
of our non-parametric analyses, we proceed considering the distribu-
tions of finds as the results of cluster homogeneous processes. The
bivariate version of the homogeneous Kij(r) and Gij(r) functions
allows us to statistically test the hypothesis of aggregation between
the types of remains.

In Fig. B.7, the top line of panels (a,b,c) shows the ordinary
estimations of the K function for the three types of finds (Fauna,
Lithic and A. ruffoi) from SU C. Panel B.7a resembles Fig. B.6b
and indicates statistical significant clustering of the faunal remains
for any values of r. The lithic assemblage shows as well a signifi-
cant cluster tendency, for r > 0.1, while it fails to reject the null
hypothesis of CSR for lower values. Instead, the estimated K̂(r) for
the micromammals shows aggregation, but, for all values of r, we
cannot state that the distribution is not random. This result might
reflect the random displacement applied to the micromammal point
pattern.
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The middle and bottom lines of panels in Fig. B.7 show esti-
mations of the homogeneous cross-type K and G functions for all
pairs of types i and j. Interestingly, Fig. B.7d suggests positive spa-
tial correlation between lithic and faunal remains at any values of
r > 0.05. The corresponding Gij(r) function measured the cumula-
tive distance from each point of type i (Lithic) to the nearest point
of type j (Fauna). It shows (Fig. B.7g) that the nearest-neighbour
distances are significantly shorter than expected, but we cannot re-
ject the hypothesis of independence between fossils and artifacts.
However, the short scale of the function suggests that any artifact
is surrounded by fossils. This result statistically confirms the strati-
graphic association of artifacts and fossils, previously based on field
observations. On the other hand, deviations between the K̂ij(r)
function and the benchmark πr2 suggest segregation between lithics
and A. ruffoi specimens, but the hypothesis of independence be-
tween the two types is more significant (Fig. B.7e,h). Conversely,
the small mammal assemblage is closer to the rest of the fossils than
expected for independent distributions, for r > 0.2. For lower values
of r, the K and G functions fail to reject the hypothesis of indepen-
dence.

The top line of panels in Fig. B.8 (a,b,c) shows estimations of
the K(r) function for the three types of finds from SU D. Panel B.8a
confirms the same clustering trend of the faunal assemblage. Anal-
ogous to the distribution of finds from SU C, the global pattern is
mostly weighted on the faunal assemblage (Fig. B.6e). Conversely, in
SU D the distribution of lithics shows stronger significant clustering
for r > 0.1. Again, the resulting K̂(r) for the micromammal assem-
blage suggests a statistically insignificant aggregation tendency for
all values of r, but 0.4 < r < 0.5. In contrast to the previous re-
sult, estimations of the Kij(r) function support significant positive
correlation between the lithic artifacts and the A. ruffoi remains
(Fig. B.8e). Thus, they occur closer than expected in the case of
independent distributions. Panel B.8f shows the same positive cor-
relation also between micro- and macro-mammals for r > 0.2. The
panels B.8d,g show as well a significant positive aggregation between
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Figure A.7: Pointwise envelopes of the homogeneous cross-type Kij(r)
and Gij(r) functions for all pairs of types i and j in SU C.

64



Results

lithics and fossils for values of r > 0.1. In addiction, the estimated
Ĝij(r) function offers a closer view of the distribution. For values of
r < 0.1, it fails to reject the hypothesis of independence.

A.6.2 Post-depositional processes

To achieve our second objective, namely to evaluate the degree of
post-depositional disturbance of the deposit, we first analyzed spa-
tial distribution of oxides on the lithic and faunal assemblages in-
dependently, then we moved to a comparative analysis. We are
particularly interested in the spatial distribution of Fe-Mn oxides
(cases) compared with the absence of them (controls).

Fig. B.4a does not suggest segregation of patinated and not-
patinated lithics. If we perform random labeling of the presence of
Fe-Mn (spotted and covering) with its absence in both the strati-
graphic units, the outputs of the cross-type function (Fig. B.9a, b)
show that the observed altered artifacts are, with a 0.01 level of
significance, randomly and independently located in SU C. The pos-
itive discrepancy between the estimated K̂ij(r) and the benchmark
πr2 indicates aggregation of cases and controls, but it lies within
the grey envelope of the random labeling hypothesis. Conversely,
patinated and non-patinated lithics in SU D appear to be closer
to each other than expected for the null hypothesis. In this unit
the observed K̂ij(r) function over-exceeds the envelope at values
of r > 0.4m, hence it indicates statistically significant aggregation.
Such pattern statistically confirms the visual assessment of Fig. B.4a.
Consequently, oxidized and non-oxidized artifacts most probably oc-
cur in SU D well aggregated in space, while their aggregation is not
statistically significant in the above unit.

We could not compare the oxidation patterns between lithics and
fossils from SU D, because the taphonomic analysis of Bagnus (2011)
did not include fossils from this unit. Thus, we focused our analysis
on SU C.

The distribution map (Fig. B.4c) does not suggest any evident
pattern. When we apply random labelling of the absence of oxidation
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Figure A.8: Pointwise envelopes of the homogeneous cross-type Kij(r)
and Gij(r) functions for all pairs of types i and j in SU D.
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with the medium and high degrees of its presence, the output of
the bivariate Kij(r) function shows a segregation tendency between
them, but it is not statistically significant. (Fig. B.9c). A random
and independent distribution of oxides is more plausible.

Finally, Fig. B.9d shows the result of the Kij(r) function, ran-
dom labeling the cases (medium and high degrees) and controls (ab-
sent or low degree) of Fe-Mn oxides on the lithic and faunal assem-
blages from SU C. The empirical values of the cross-type function
are balanced on the theorerical expectation for complete spatial in-
dependence (red line). It clearly lies inside the grey envelope of
significance. Therefore, our analysis shows an independent spatial
distribution of Fe-Mn patinated and non-patinated lithic artifacts
and fossils from SU C. In the lower unit (SU D), where Fig. B.4b in-
dicates higher density of oxidized artifacts, estimations of the cross-
type K function suggests that they occur closer than expected to
fresh ones.

A.7 Discussion

The Early Pleistocene site of Pirro Nord (fissure P13) has yielded
evidence for one of the earliest occurrences of hominins in Europe.
The importance of the evidence calls for a multivariate taphonomic
analysis in order to establish the nature of the processes involved in
the formation of the deposit and the degree of its post-depositional
disturbance. We address that need by investigating the spatial as-
sociation of the archaeological and paleontological remains, as well
as the spatial distribution of artifacts and fossils with diagenetic al-
terations. We focused our analysis on the lower stratigraphic units
C and D, since they provide the most significant corpus of finds and
they have been studied with the same research protocol.

A.7.1 Formation processes

Non-parametric analyses have been carried out in order to character-
ize the processes responsible for the formation of the deposit. Then,
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Figure A.9: Pointwise envelopes of the homogeneous bivariate Kij(r)
function, random labeling cases/controls of patinated lithics in SUs C (a)
and D (b); oxidated fossils in SU C (c); Fe-Mn oxides on the lithic and
faunal assemblages from SU C (d).
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we accounted for the relative spatial pattern of the different types
of finds.

The vertical distribution of the archaeological and paleontolog-
ical assemblages does not appear to be affected by strong gravita-
tional effects. On the other hand, it resemble a ’nearly’ normal dis-
tribution and suggests a very close mean occurrence of lithic artifacts
and A. ruffoi remains, despite the small sample of micromammals
(Fig. B.3). A visual interpretation of the projected third coordinate
(Fig. B.5a,b) also suggests that the intensity of finds is not a func-
tion of the covariate z. Moreover, higher densities are not linked to
the thickness of the stratigraphic units. They are clearly localized
at values of 6 < x < 7 and 8 < x < 9 in both the SUs, as shown
also by Fig. B.5c,d and B.6a,d. Indeed, the Berman’s Z2 test for
the dependence of the point process on the spatial covariate x failed
to reject the null hypothesis for SU C (p − value = 0.0044) and D
(p − value = 1.913e − 14). However, even if it suggests significant
evidence that the intensity depends on some covariate, the effect of
that covariate could still be weak. ROC curves (Fig. B.5e,f) indicate
that the x coordinate does not have disciminatory power.

Bartlett (1963) showed that it is possible to formulate a point
pattern which can be equally interpreted as a Poisson inhomoge-
neous process, or a homogeneous cluster process. According to our
non-parametric analyses, we proceeded under the assumption that
the processes involved in the formation of the Pirro Nord (P13) de-
posit are homogeneous and clustered. The scan tests in Fig. B.6a,d
show hot spots of points, mostly localized between 6 < x < 7 and
8 < x < 9. The cluster correlation between all the finds is sig-
nificantly confirmed by the estimations of the K and F functions
(Fig. B.6). The first lines of panels in Fig. B.7 and B.8 offer a type-
based view of these patterns. Indeed, the estimated K̂(r) functions
of the faunal assemblage (Fig. B.7a and B.8a), which constitute the
bigger part of the analyzed sample of data, resemble the results for
the complete populations (Fig. B.6b,e). The lithic assemblage also
shows significant aggregation; while the small sample of A. ruffoi
falls inside the envelope of CSR.
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Faunal remains and lithic artifacts show some overlapping when
evaluated by means of Gaussian smoothing kernel (Fig. B.5c,d). Pos-
itive spatial association between fossils and lithics is statistically
confirmed by the cross-type K and G functions for the examinated
SUs (Fig. B.7 and B.8). Fossils and artifacts tend then to occur
aggregated with each other (they are closer than expected for a
independent process). Significant spatial proximity is also shown
between artifacts and micromammal remains, especially in SU D.

According to the results of our analyses, the stratigraphic and
spatial association between the types of remains should be consid-
ered as the result of the same formation process. Finds occur in
the clayey-sand sediment together with a high number of angular
to sub-rounded gravels and boulder-sized rock clasts. Such a strati-
graphic setting suggests repeated mass-wasting processes (at least
two events, represented by SUs C and D, which were included in
this study) with a low degree of reworking in a relatively short span
of time (Arzarello et al., 2012). Rapid-moving and chaotic water-
laden masses, such as mud-flows or earth-flows, of soilwash and rock
rubble with fossils and artifacts (Butzer, 1982, p. 46), could have
been triggered by intense rainfalls and became trapped in the karst
sink-hole directly opening to the outside. The sedimentary fill would
have derived from the top, by gravity, directed into the empty space
between the large limestone blocks that made up the internal struc-
ture of the fissure. The thickness of the layers is likely correlated to
the intensity of such events.

On the other hand, the clustered distribution of all the finds
cannot be linked to the thickness of the stratigraphic units. The big
blocks of calcarenite, which in some places transect the stratigraphic
units (Fig. C.1), created a complex internal structure and might
have influenced the direction of sediment accumulation. However,
sedimentation rate, driven by the rugged topography of the site,
does not seem to be spatially associated with the localized hot spots
(Fig. B.6a,d). Thus, clustering might have been a correlated effect
of the formation process.

The presence of partially articulated vertebrate skeletal elements
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and their general low degree of weathering indicate fast burial and
transport of bones from nearby locations (Bagnus, 2011). A close
spatial proximity between the original location of the finds and the
karst fissure, as well as a relatively fast burial, is also corroborated
by the unrounded ridges and edges of the lithic artifacts and by the
technological consistency of the assemblage (Arzarello et al., 2015).

In conclusion, our spatial statistics analyses confirm the field
observations about the spatial association of archaeological and pa-
leontological remains.

A.7.2 Post-depositional processes

After dealing with our first research question (to examine the spatial
distribution of finds in the context of the site formation processes),
our analyses were particularly directed to test the hypothesis of post-
depositional processes reworking the deposit. We assume that the
spatial aggregation of taphonomic surface alterations, and their rel-
ative segregation compared to non-altered finds, would indicate the
localized activity of diagenetic agents.

We focused more on the spatial distribution of oxides, because
traditional explanations for the development of Fe-Mn patinas on the
surface of flint refer to the deposition of various iron and manganese
oxides and hydroxides out of soil water (Stapert, 1976). Similarly,
the origin of manganese coatings on fossils, in karst environments,
may derive from circulating water, or from the manganese present
in the surrounding limestone rock dissolved by groundwater (Hill,
1982).

The vertical distribution of oxides on the lithic artifacts and the
sample of faunal remains (Fig. B.4) spans the complete stratigraphic
sequence and apparently shows a gradual increase through the lower
layers, especially in the lithic assemblage. Intensity of oxides is in-
deed more likely proportional to the density of finds and not related
to the depth.

By applying a set of spatial statistics (namely cross-type Kij(r)
function) to the archaeological and paleontological remains, we searched
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for evidence of localized areas, which might have been subjected to
the presence of water, especially water-flows.

In SU C, the spatial distribution of Fe-Mn patinas on lithics and
fossils is, with a certain degree of significance, the result of inde-
pendent processes (Fig. B.9a,c,d). We cannot state that there is ag-
gregation (spatial proximity) between oxidized finds and fresh ones.
Neither the results of the bivariate K function, random labeling the
cases/controls of Fe-Mn coating, show segregation, which is indica-
tive of spatially defined diagenetic processes. In contrast, in SU D
(Fig. B.9b), patinated and fresh artifacts occur significantly spatially
aggregated to each other for values of r > 0.4m. They occur closer
than expected by an independent process at bigger scale. However,
the pattern is, with a certain confidence level, independent.

Rottländer (1975) identified a possible different cause of Fe-Mn
coatings in the iron that is already present in the flint. In this light,
the spatial association of flint artifacts with and without patination
also depends on the chemical and microstructural composition of the
raw material itself. On the other hand, the same oxides affecting a
good percentage of finds, have been equally found broadly scattered
on the numerous clasts of calcarenite that are included in the matrix,
thus supporting an external origin of the Fe-Mn coating process.

The content of water and organic matter in the sedimentary body
could be responsible for the randomly diffuse Fe-Mn patinations. In
the presence of organic matter, indeed, it is likely that the release
of organic acids will accelerate patination on chert (Burroni et al.,
2002). Moisture of the sedimentary body could also be accounted
for the wide random spread of Fe-Mn coatings.

We did not find statistically significant evidence of aggregation
of oxidized records compared to non-oxidized ones (Fig. B.9c); thus,
we can exclude the assumption of localized concentration of water,
which is included in the hypothesis advanced by Bagnus (2011) for
the presence of interstitial flows reworking the deposit.

Due to the small sample size, we did not apply spatial analysis
to the distribution of the three taphorecords. However, Fig. B.4e,f
suggests that fossils from the TR1 group occur spatially aggregated
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with fossils from the TR2 and TR3 groups. Considering the dis-
tribution of Fe-Mn oxides on the lithic and faunal assemblages, the
re-elaborated TR1 (sensu Fernández-López, 1991, 2007, 2011) might
not be associated with the reworking action of water-flows and might
be more likely correlated to random and limited rearrangement of
parts of the sedimentary matrix.

A possible cause of some localized movement of sediments could
be the rock falls from the vault of the karst fissure, during the depo-
sition of SUs C and D. As showed in Fig. C.1, an abrupt increase in
the number of boulder-sized rocks is observed within the lower layers.
Moreover, rock falls caused most of the post-depositional fractures
on the faunal assemblage (Bagnus, 2011). Such intense erosional
process could most likely be correlated to the seismic activity of the
region (Bertok et al., 2013).

Results of our analyses suggest that post-depositional tapho-
nomic alterations occurred with a certain significance as a result
of independent processes. However, keeping a cautious approach to
spatial analysis, a documented point pattern can be most realisti-
cally thought of as the result of multiple processes heterogeneously
working at different scales (Bevan and Wilson, 2013). Multiple or
repeated post-depositional processes could obliterate contemporane-
ous or preceding patterns, resulting in a final random distribution
of the record.

Moreover, karst site formation processes are highly dependent
on the structure and extension of the overall karstic system, as well
as on the surrounding environment. The lack of information about
the original characteristics of the system and the reduced area of
excavation strongly limit the analysis.

Furthermore, although the need for considering three dimen-
sional distributions in site formation processes study, spatial point
pattern statistics are at the moment not fully equipped to analyze
three-dimensional patterns, especially when the study-area corre-
sponds to a three-dimensional volume with a complex shape such as
a karstic structure.

On the other hand, "one must look to non-spatial evidence to
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corroborate or disprove theories about spatial processes" (Hodder
and Orton, 1976, p. 8). The integration with other taphonomic dis-
ciplines reinforces the results of spatial analyses and outlines new op-
portunities for point pattern analyses. As recently remarked (Cobo-
Sánchez et al., 2014), taphonomic research should be multivariate
(Domínguez-Rodrigo and Pickering, 2010) and it should include spa-
tial analysis as a heuristic tool in the interpretation of site integrity.
This is especially demanding when the research questions deal with
past human behaviour and even more so when site dating is based
on the stratigraphic association of artifacts and fossils.

A.8 Conclusions

The Early Pleistocene site of Pirro Nord 13 provides evidence of
the earliest human presence in Western Europe. Lithic artifacts
have been found in a karst fissure filling, together with late Vil-
lafranchian/early Biharian paleontological remains.

The main goals of our study were:
1. to investigate the depositional processes involved in the forma-

tion of the deposit and

2. to assess the degree of any potential post-depositional rework-
ing of the archaeological and paleontological remains.

The integration of spatial point pattern analyses with previous
taphonomic studies on the faunal and lithic assemblages allowed
us to test different hypotheses of site formation and modification
processes.

On the basis of our analyses,
1. we consider the deposit to be the result of subsequent events

of some type of mass-wasting process, such as a mud-flow or
earth-flow, carrying rock rubble with fossils and artifacts. The
applied set of spatial analyses confirms, with an adequate level
of statistical significance, the assumption, based on field ob-
servations, regarding the spatial association between the finds.
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2. Based on our taphonomic point pattern analyses of several
diagenetic features on the lithic and faunal assemblages, we
reject the hypothesis of a substantial post-depositional rework-
ing and mixture of the sedimentary deposit and we corroborate
the stratigraphic integrity of the Pirro Nord 13 site.

Finally, the present study answers the need for a taphonomic
perspective in spatial analysis, by applying well developed quanti-
tative methods in spatial statistics. Point pattern analysis can be
very flexible and useful in the investigation of both cultural and
taphonomic processes. Until now it has found limited application
on taphonomic studies, but, as our study demonstrates, it offers
new analytical opportunities to the multidisciplinary study of the
complex processes that operate in the formation and modification of
archaeological sites. It allows analysts to test multiscalar patterns
and to model the taphonomic processes underlying archaeological
distributions, which are otherwise difficult to identify from the sim-
ple visualization of maps, especially for those sites characterized by
complex geo-stratigraphic settings.
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Abstract

Recent excavations at the Middle Pleistocene open-air site of Marathousa 1
have unearthed in one of the two investigated areas (Area A) a par-
tial skeleton of a single individual of Palaeoloxodon antiquus and
other faunal remains in spatial and stratigraphic association with
lithic artefacts. In Area B, a much higher number of lithic artefacts
was collected, spatially and stratigraphically associated also with
faunal remains. The two areas are stratigraphically correlated, the
main fossiliferous layers representing an en mass depositional pro-
cess in a lake margin context. Evidence of butchering (cut-marks)
has been identified on bones of the elephant skeleton, as well on
elephant and other mammal bones from Area B. However, due to
the secondary deposition of the main find-bearing units, it is of pri-
mary importance to evaluate the degree and reliability of the spatial
association of the lithic artefacts with the faunal remains. Indeed,
spatial association does not necessarily imply causation, since natu-
ral syn- and post-depositional processes may equally produce spatial
association. Assessing the degree and extent of post-depositional re-
working processes is crucial to fully comprehend the archaeological
record, and therefore to reliably interpret past human behaviours.
The present study uses a comprehensive set of spatial statistics in or-
der to disentangle the depositional processes behind the distribution
of the archaeological and palaeontological record at Marathousa 1.
Preliminary results of our analyses suggest that a high-energy ero-
sional process, attributed to a hyperconcentrated flow deposited at
the margin of a swamp, reworked an autochthonous, exposed or
slightly buried, scatter of lithic artefacts and faunal remains. Minor
reworking and substantial spatial association of the lithic and faunal
assemblages support the current interpretation of Marathousa 1 as
a butchering site.
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Introduction

B.1 Introduction

Archaeological site formation processes, intensively studied since the
early 1970s (Binford, 1981; Isaac, 1967; Petraglia and Nash, 1987;
Petraglia and Potts, 1994; Schick, 1984, 1986, 1987; Schiffer, 1972,
1983, 1987; Shackley, 1978; Wood and Johnson, 1978, among oth-
ers), “still insufficiently taken in consideration” (Texier, 2000, p.379)
at the beginning of the 21st century, are nowadays fully acknowl-
edged in the archaeological practice (Bailey, 2007; Bargalló et al.,
2016; Brantingham et al., 2007; Malinsky-Buller et al., 2011; Va-
quero et al., 2012; Villa, 2004, among others). Drawing inferences
about past human behaviours from scatters of archaeological re-
mains must account for syn- and post-depositional contextual pro-
cesses.

Several methods are currently applied in order to qualify and
quantify the type and degree of reworking of archaeological assem-
blages. Within the framework of a geoarchaeological and tapho-
nomic approach, spatial statistics offer meaningful contributions in
unravelling site formation and modification processes from spatial
patterns. However, while the spatio-temporal dimension is an in-
eluctable inherent property of any biotic and abiotic process, spatial
statistics are still insufficiently applied.

Distribution maps are cornerstones of the archaeological docu-
mentation process and are primary analytic tools. However, their
visual interpretation is prone to subjectivity and is not reproducible
(Bevan et al., 2013). Since the early 1970’s (see Hodder and Orton
(1976) and Orton (1982) and references therein), the traditional,
intuitive, ‘eyeballing’ method of spotting spatial patterns has been
abandoned in favour of more objective approaches, extensively bor-
rowed from other fields. Nevertheless, quantitative methods, while
still percolating in the archaeological sciences from neighbouring dis-
ciplines, are not extensively used. Moreover, only a relatively small
number of studies have explicitly applied spatial point pattern anal-
ysis or geostatistics to the study of site formation and modification
processes (Carrer (2015), Domínguez-Rodrigo et al. (2014a, 2017,
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2014b), Giusti and Arzarello (2016), Lenoble et al. (2008), and Or-
ganista et al. (2017); but see Hivernel and Hodder (1984) for an
earlier work on the subject).

The goal of a taphonomic approach to spatial analysis is to move
beyond distribution maps by applying a comprehensive set of multi-
scale and multivariate spatial statistics in order to reliably construct
inferences from spatial patterns. An exhaustive spatial analytic ap-
proach to archaeological inference, combined with a taphonomic per-
spective, is essential for evaluating the depositional processes and
integrity of the archaeological assemblage, and consequently for a
reliable interpretation of past human behaviours.

The present study uses a comprehensive set of spatial statistics
in order to disentangle the depositional processes behind the spatial
distribution of the archaeological and palaeontological record recov-
ered during excavation at the Middle Pleistocene open-air site of
Marathousa 1, Megalopolis, Greece
(Harvati et al., 2016; Panagopoulou et al., 2015).

B.1.1 Marathousa 1

The site (Fig. C.1), discovered in 2013 at the edge of an active
lignite quarry, is located between two lignite seams in the Pleis-
tocene deposits of the Megalopolis basin, Marathousa Member of
the Choremi Formation (van Vugt et al., 2000). The regular alter-
nation of lacustrine clay, silt and sand beds with lignite seams has
been interpreted having cyclic glacial (or stadial) and interglacial (or
interstadial) origin (Nickel et al., 1996). The half-graben configura-
tion of the basin, with major subsidence along the NW-SE trending
normal faults along the eastern margin, resulted in the gentle dip
of the lake bottom at the opposite, western, margin of the lake,
enabling the formation of swamps and the accumulation of organic
material for prolonged periods of time (van Vugt et al., 2000).

Two excavation areas have been investigated since 2013 (Fig. B.2):
Area A, where several skeletal elements of a single individual of
Palaeoloxodon antiquus have been unearthed, together with a num-

88



Introduction

Figure B.1: Geographical location of the Marathousa 1 site in the Mega-
lopolis basin and stratigraphic column of the basin, modified after van
Vugt et al. (2000).
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ber of lithic artefacts and other faunal remains; and Area B, located
60 m to the South along the exposed section, where the lithic as-
semblage is richer and occurs in association with a faunal assem-
blage composed of isolated elephant bones, cervids and carnivores
among others. Bones from Area B are characterized by a high de-
gree of fragmentation (bone fragments make up 93.4% of the as-
semblage), with their maximal diameter mostly measuring less than
80mm (Konidaris et al., In press; Tourloukis et al., In press). Evi-
dence of butchering (cut-marks) have been identified on two of the
elephant bones from Area A, as well on elephant and other mammal
bones from Area B (Konidaris et al., In press).

The sedimentary sequence of the site (Fig. B.3) includes la-
custrine and fluvio-lacustrine clastic deposits sandwiched between
two lignite seams (UA7-UB10 and UA1-UB1) (Karkanas et al., In
press). A major hiatus (contacts between UA3 and UA4, and be-
tween UB5 and UB6), attributed to exposure and erosion of a lake
shore mudflat, divides the sequence in two parts. The lower part is
characterised by relatively high rate sub-aqueous sedimentation of
bedded sands and silts, containing low organic and carbonate con-
tent. The upper one is characterised by a series of erosional bounded
depositional units, attributed to sub-aerial originated organic- and
carbonate-rich mud flows and hyperconcentrated flows deposited at
the margin of a swamp (Karkanas et al., In press).

The erosional contacts UA3c/4 and UB4c/5a separate the two
main find-bearing units in both areas (Fig. B.3). In Area A, the ele-
phant remains lie at the contact of UA3c/4 and are covered by UA3c
(Fig. B.4a); while in Area B, most of the remains were collected from
unit UB4c (Figs. B.2 and B.4b). Units UA3c and UB4c (organic-
and intraclast-rich silty sands) resemble dilute mud flows, showing a
chaotic structure of rip-up clasts from the underlying unit, small-to-
large wood fragments and rare rock clasts. In Area B, a relatively low
number of remains was also found in massive organic-rich silty sands
(UB5a, Fig. B.2), which locally overlay channelised sands (UB5b/c),
probably not preserved in Area A (Karkanas et al., In press).

The flow event described above (units UA3c and UB4c), and
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Figure B.2: Distribution maps of the plotted remains from areas A
(units UA3c and UA4) and B (units UB4c and UB5a), collected until
2015. Due to their high number, lithic debris/chips are not plotted. The
plotted remains of the P. antiquus skeleton were collected until 2016. Grey
zones mark the 2013-2015 excavation areas. Area B is located 60 m to
the South, along the exposed East section of the lignite quarry.
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Figure B.3: Stratigraphic setting of the Marathousa 1 site, modified
after Karkanas et al. (In press). Absolute elevations in m a.s.l.
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Figure B.4: Photograph (2017) of the left femur of the P. antiquus
skeleton, lying at the UA3c/4 contact and covered by unit UA3c (a).
West profile (2014) of the excavation Area B (square 932/603), exposing
the UB4c/5a (black solid line) and the UB5/6 erosional contacts (b).
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specifically the erosional contacts between the fossiliferous horizons
in the two areas (UA3c/4 and UB4c/5a), provide the essential back-
ground for the analysis and interpretation of the spatial distributions
at Marathousa 1. The secondary depositional nature of the main find
horizons raises the question of how reliable is the spatial association
between the lithic artefacts and the partial skeleton of a single Palae-
oloxodon antiquus individual and other faunal remains. Since spatial
association does not necessarily imply causation, and consequently
synchrony, the answer has important consequences for the interpre-
tation of the site in the broader context of the Middle Pleistocene
human-proboscidean interactions. We aim to tackle this question
and disentangle the formation processes acting at Marathousa 1 on
the basis of spatial patterns through a three-prong spatial analytic
approach:

1. By analysing, in a frame of references, the orientation patterns
of remains from relevant stratigraphic units;

2. By quantifying and comparing their relative vertical distribu-
tions;

3. By identifying spatial trends in either the assemblage intensi-
ties and the associations between classes of remains.

Two contrasting models of deposition are tested: the autochtho-
nous hypothesis (sensu Domínguez-Rodrigo et al., 2012; Fernández-
López, 1991) states that the flow event, represented by units UA3c
and UB4c, eroded and scoured the exposed surface (where the ele-
phant was lying), thereby entraining clastic material (including arte-
facts) and re-depositing (sensu Fernández-López, 1991) this material
at a close distance. This model implies the loss of any original, pris-
tine spatial relations between remains, but minor transport from the
primary depositional loci. On the other hand, the allochthonous hy-
pothesis (sensu Domínguez-Rodrigo et al., 2012; Fernández-López,
1991) implies significant transport from the original loci of deposi-
tion and re-elaboration (sensu Fernández-López, 1991). According
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to this model, the spurious spatial association between the lithic
artefacts and faunal remains does not support any behavioural in-
terpretation.

B.2 Material and methods

Since 2013, systematic investigation of the Marathousa 1 site has
been carried out by a joint team from the Ephoreia of Palaeoanthropology-
Speleology (Greek Ministry of Culture) and the University of Tübin-
gen. A grid system of 1 square meter units was set up, oriented -14
degrees off the magnetic North, and including the two areas of in-
vestigation. The excavation of the deposit proceeded in 50x50 cm
sub-squares in Area B and 1x1 m squares in Area A, and spits of
5 to 10 cm thickness, respectively. Systematic water-screening of
sediments was carried out on-site using 1 mm sieves in order to
guarantee recovery of the small-size fraction (e.g., micro-artefacts,
small mammal remains, fish, molluscs and small fragments of organic
and inorganic material). The three-dimensional coordinates of finds
(i.e., all the lithic artefacts, teeth and diagnostic bones; bones and
organic material with a-axis ≥ 20 mm), collected spits of sediment,
samples and geological features (e.g., erosional contacts and mud
cracks) were recorded with a total station. Specifically, the three-
dimensional position of the finds was always recorded at the lowest
point of contact of the item with the sediment. Dense clouds of
surface points of the elephant skeletal elements were acquired using
both a total station and a close-range photogrammetric technique.

The dimensions (length, width and thickness) of registered finds
were measured on-site with millimetre rules. Orientation (plunge
and bearing) of elongated particles (i.e., faunal remains, large wood
fragments and lithic artefacts) was recorded since 2013 using a clock-
like system (the bearing was measured, relatively to the grid North,
in twelve clockwise intervals of 30°; the plunge with a 22.5° accu-
racy). In 2015, the use of a compass and inclinometer with an accu-
racy of 1° was introduced in Area B to gradually replace the former
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method.
The widespread use of a compass and inclinometer to record

orientation data (Benito-Calvo et al., 2011; Bertran et al., 1997;
Bertran and Texier, 1995; Cobo-Sánchez et al., 2014; Domínguez-
Rodrigo et al., 2012; Domínguez-Rodrigo and García-Pérez, 2013;
Domínguez-Rodrigo et al., 2014c; Eberth et al., 2007; Eren et al.,
2010; Fiorillo, 1991; Lenoble and Bertran, 2004; Organista et al.,
2017; Voorhies, 1969, among others) was favoured over the alterna-
tive use of a total station (Bernatchez, 2010; Dibble et al., 1997; En-
loe, 2006; Kluskens, 1990; McPherron, 2005, among others), mostly
due to the time-restricted conditions of the rescue excavation con-
ducted at Marathousa 1.

Measurements of the bearing (azimuth) and plunge (dip) of elon-
gated finds were taken along the symmetrical longitudinal a-axis
(SLA) of elongated bones (Domínguez-Rodrigo and García-Pérez,
2013), lithic artefacts (Bertran and Texier, 1995) and wood frag-
ments (Macdonald and Jefferson, 1985), using the lowest endpoint
of the a-axis as an indicator of the vector direction.

Other major axes have been alternatively used with the recent
application of GIS techniques to retrieve orientation data from sec-
ondary source, i.e., from excavation photographs, drawings or maps
(Benito-Calvo and de la Torre, 2011; Boschian and Saccà, 2010; de la
Torre and Benito-Calvo, 2013; García-Moreno et al., 2016; Sánchez-
Romero et al., 2016; Walter and Trauth, 2013). However, the exper-
imental works of Domínguez-Rodrigo and García-Pérez (2013) and
Domínguez-Rodrigo et al. (2014c) showed that the SLA, defined as
the major axis which symmetrically divide the bone, is more accu-
rate in estimating the flow direction, regardless of bone shape. This
a-axis is widely used in taphonomic studies (Aramendi et al., 2017;
Domínguez-Rodrigo et al., 2014a, 2012; Eberth et al., 2007; Toots,
1965; Voorhies, 1969, among others) for determining the preferen-
tial orientation of anisotropic assemblages. The a-axis or major axis
of the artefact, measured as the long diameter of the triaxial el-
lipsoid that approximates the particle shape (Krumbein, 1941), is
as well used in studies which employ a sedimentological approach
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to archaeological fabric (Benito-Calvo et al., 2009; Bertran et al.,
1997; Bertran and Texier, 1995; Lenoble and Bertran, 2004, among
others).

The present study focuses on the excavated stratigraphic units
in which most of the archaeological and palaeontological remains
were recovered in both excavation areas, namely in UA3c and UA4
in Area A, and UB4c and UB5a in Area B. From the total, subset
samples of material were used for each specific spatial analysis. For
the fabric analysis we included material collected until 2016. For
the vertical distribution and point pattern analyses, the region of
investigation was limited to the squares excavated from 2013 until
2015, 25 and 29 square meters respectively in each area (Fig. B.2).

The analyses were performed in R statistical software (R Core
Team, 2017). In order to make this research reproducible (Marwick,
2017; Marwick et al., 2017), a repository containing a compendium
of data, source code and text is open licensed and available at the
DOI: 10.5281/zenodo.822272

B.2.1 Fabric analysis

The taphonomic study of the orientation pattern of elongated sedi-
mentary particles, including bones and artefacts, first addressed by
Bar-Yosef and Tchernov (1972), Isaac (1967), Schick (1986), and
Voorhies (1969), more recently led to a noteworthy development of
methods and propagation of applications in Palaeolithic site forma-
tion studies (Benito-Calvo and de la Torre, 2011; Benito-Calvo et
al., 2011, 2009; Bernatchez, 2010; Bertran et al., 1997; Bertran and
Texier, 1995; Boschian and Saccà, 2010; de la Torre and Benito-
Calvo, 2013; Domínguez-Rodrigo et al., 2012; Domínguez-Rodrigo
and García-Pérez, 2013; Domínguez-Rodrigo et al., 2014c; García-
Moreno et al., 2016; Lenoble and Bertran, 2004; Lenoble et al., 2008;
McPherron, 2005; Sánchez-Romero et al., 2016; Walter and Trauth,
2013, among others).

Fabric analysis can provide valuable insight into site formation
and taphonomic processes, allowing discrimination between different
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orientation patterns (isotropic, linear or planar) possibly associated
with a range of sedimentary processes. Whereas water-flow deposits
are generally characterised by relatively good sorting and preferred
orientation of clasts parallel, or normal to the flow direction (lin-
ear fabric) (Petraglia and Potts, 1994); debris-flow deposits mostly
exhibit massive, poorly bedded mixtures of unsorted sediments and
random orientation of clasts (isotropic fabric), except at the flow
margins where linear fabric may occur (Pierson, 2005). On the other
hand, undisturbed archaeological sites, as well as experimental as-
semblages, have been observed to have planar fabric (Bertran et al.,
1997; Lenoble and Bertran, 2004). Nevertheless, grey zones exist be-
tween depositional processes, so that an unequivocal discrimination
based only on fabric observations is often not possible, and other
taphonomic criteria must also be considered (Lenoble and Bertran,
2004). As an example, while overland flows (runoff) have been ob-
served to show some degree of planar fabric (Lenoble and Bertran,
2004), anisotropy without significant transport can be caused in a
lacustrine floodplain by low-energy processes such as lake transgres-
sion and regression, as well as water-sheet flows formed during rainy
seasons (Cobo-Sánchez et al., 2014).

At the margin of a lacustrine environment, relatively close to the
surrounding relief, a combination of high- and low-energy processes
can be expected. According to the sedimentological and micromor-
phological study of the Marathousa 1 site, the main find-bearing
horizon is associated with hyperconcentrated flows (Karkanas et al.,
In press). Hyperconcentrated flows are intermediate states, defined
by sediment concentration, in the continuum between sub-aerial wa-
ter flows and debris flows. Benvenuti and Martini (2002) reported
that, when a turbulent hyperconcentrated flow expands over a sur-
face - as in the case of Marathousa 1 - a two-phase flow may de-
velop, with a more concentrated, coarser grained bottom flow-layer
(traction carpet) moving slower than the upper turbulent flow-layer
carrying wash-load and suspended load. Resultant deposit may ex-
hibit diagnostic inverse grading, or a continuously aggrading bed.
Parallel or normal orientation of the clasts to the flow direction can
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be observed (Benvenuti and Martini, 2002). A simulation model
also showed that linear fabric can develop in mud flows. However,
after deposition, settling of the clasts may affect the fabric to some
extent, depending on the viscosity of the mud flow (Lindsay, 1968).

As part of our three-prong spatial analytic approach, we con-
ducted comparative fabric analysis with the aim to investigate the
dynamics of the depositional processes at Marathousa 1. Since fab-
ric strength has been found to be positively correlated with the
shape and size of the clast, for the fabric analysis we subset sam-
ples of remains with length ≥ 2 cm and elongation index (the ratio
length/width) Ie ≥ 1.6 (Lenoble and Bertran, 2004). The samples
are listed in Table C.1 and include mostly wood fragments and fau-
nal remains from the four stratigraphic units under investigation.
Bones have been found to readily react to water flow and show very
early anisotropic patterns (Domínguez-Rodrigo et al., 2014c). Flume
experiments showed that wood fragments as well tend to align par-
allel to the current direction (Macdonald and Jefferson, 1985). No
distinction of skeletal elements was made, both due to the high frag-
mentation rate of faunal remains in Area B, and because recent
experiments showed a similar orientation pattern for different bone
shapes (Domínguez-Rodrigo et al., 2012; Domínguez-Rodrigo and
García-Pérez, 2013).

The sample of bones belonging to the individual of P. antiquus
from Area A was analysed separately and included the humerus,
ulna, femur and tibia; the atlas, axis and other 16 complete vertebrae
or vertebral fragments; 29 complete ribs or rib fragments; 2 calcanea;
4 metatarsals/metacarpals; the pyramidal; the trapezoid and the
pelvis. The sample from UB5a was too small (only 7 observations)
and was therefore excluded. In order to asses the reliability of the
orientation data recorded using the clock method, we separately
analysed two sub-samples from unit UB4c, selected from a set of
finds recorded using both methods. All the sampled observations
are representative of the whole study area.

Rose diagrams and uniformity tests, such as Rayleigh, Kuiper,
Watson and Rao tests (Jammalamadaka et al., 2001), were used to
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Table B.1: List of sampled observations for the fabric analysis.

Type
Sample n Fauna Wood Lithic
UA3c 49 23 25 1
UA4 38 8 30 -
P. antiquus 63
UB4c 38 30 1 7

visualise and evaluate circular isotropy in the sample distribution.
The Rayleigh test is used to assess the significance of the sample
mean resultant length (R̄), assuming that the distribution is uni-
modal and not bi- or plurimodal. The R̄ ranges from 0 to 1: values
close to 1 indicate that the data are closely clustered around the
mean direction; when the data are evenly spread R̄ has a value close
to 0. A p − value lower than 0.05 rejects the hypothesis of unifor-
mity with a 95% confidence interval. Kuiper, Watson and Rao are
omnibus tests used to detect multimodal departures from circular
uniformity. The Kuiper test (Kuiper, 1960) is a rotation-invariant
Kolmogorov-Smirnov test statistic for testing the null hypothesis
that the empirical distribution function fits a uniform distribution
function. The Watson test (Watson, 1961) is instead related to the
Cramer-von Mises test. The Rao’s spacing test (Jammalamadaka
et al., 2001) is based on the idea that in a uniform distribution suc-
cessive observations should be approximately evenly spaced and it
tests deviation from this distribution. For all the tests, results are
evaluated against critical values: a result higher than the critical
value rejects with confidence the null hypothesis. We applied three
omnibus tests since none of them have very high power and some
studies suggested that there is no test that is superior to the others
under all circumstances (Pewsey et al., 2013).

Randomness testing of three-dimensional data was conducted
with the Woodcock S1/S3 test (Woodcock and Naylor, 1983). Con-
sidering both the plunge and bearing of the oriented items, this
method, based on three ordered eigenvalues (S1, S2, S3), is able to
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discriminate the shape and strength of the distributions. The shape
parameter K = ln(S1/S2)

ln(S2/S3) ranges from zero (uni-axial girdles) to in-
finite (uni-axial clusters). The parameter C = ln(S1/S3) expresses
the strength of the preferential orientation, and its significance is
evaluated against critical values from simulated random samples of
different sizes. A perfect random uniform distribution would have
C = 0 and K = 1.

The Benn diagram (Benn, 1994) adds to the Woodcock test an
isotropy (IS = S3/S1) and an elongation (ES = 1 − (S2/S1)) in-
dex. Like the former method, it is able to differentiate between
linear (cluster), planar (girdle) or isotropic distributions. There
are no published raw data from actualistic studies on hyperconcen-
trated flows or other depositional processes affecting the orientation
of bones and artefacts deposited on lacustrine floodplains (but see
Morton (2004) and Cobo-Sánchez et al. (2014) as pioneer studies on
this subject). However, we included in the Benn diagram relevant
references to published results from observation of fabrics in modern
subaereal slope deposits, i.e., debris flow and runoff (Bertran et al.,
1997; Lenoble and Bertran, 2004).

B.2.2 Vertical distribution

The vertical distribution of materials has been long investigated with
the aim of identifying cultural levels, by visually interpreting cross-
sectional plots. However, recent advances in GIS techniques allow
to inspect at higher resolution the three-dimensional distributions
of archaeological remains (Anderson and Burke, 2008; McPherron
et al., 2005, among others).

In analysing the vertical dispersion of material at Marathousa 1,
we provisionally assume that a general concentration of unsorted
lithic artefacts and faunal remains in the proximity of the erosional
surfaces would support an autochthonous origin of the assemblages;
whereas a homogeneous vertical distribution of remains from the
UA3c and UB4c units would suggest an allochthonous origin, sig-
nificant transport and subsequent re-deposition of the material. In-
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Table B.2: List of sampled observations for the vertical distribution and
point pattern analyses.

Lithic class Faunal class
Sample n Debris/chip Flake Bone flake Tool Core Indet. Bone Tooth Microfauna
UA3c 279 46 2 - 1 - 1 171 14 44
UA4 61 3 1 - - - - 45 4 8
UB4c 1243 753 154 1 34 6 2 246 28 19
UB5a 101 50 12 - 3 - - 30 3 3

deed, massive process such as hyperconcentrated flows, have high
erosional power and rather chaotic structure, which may result in
inverse or normal grading (Benvenuti and Martini, 2002).

In order to estimate the degree of vertical dispersion while con-
trolling for the size of the archaeological material, dimensional classes
were set up following typological criteria. Lithic artefacts were clas-
sified as debris/chips when smaller than a cutoff length of 15 mm
(Tourloukis et al., In press). Other classes include flakes, tools and
cores; the latter being the bigger and heavier debitage product. Ta-
ble B.2 summarises the sample size for each class. Lithic debris/chips
constitute the larger part of the assemblage from UB4c (60%) and
UB5a (49%); whereas in Area A they represent only a moderate per-
centage in the upper UA3c unit (16%). The very rare presence of
lithic artefacts in the underlying unit UA4 is nevertheless significant.
In this unit, the faunal remains are also found in much lower num-
bers, their number reduced to one fourth of those found in UA3c.
For the point pattern analysis (see below), we used the same subset
of material for both excavation areas.

For Area B, the material recovered from the water-screening was
randomly provenanced according to the 5 cm depth of the excavated
spit and the coordinates of the 50x50 cm quadrant of the excavation
square. Following the same excavation protocol, the same procedure
was applied for the water-screened material of Area A, which was
randomly provenanced according to 3D-coordinates of the 1x1 m
excavation square and 10 cm spit.

Since the merely projection of points to virtual profiles is not a
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suitable method of analysis in presence of erosional, and thus un-
even, geological contacts - such as those at Marathousa 1, ordinary
Kriging interpolation of the recorded points of contact between the
UA3c/UA4 and the UB4c/UB5a stratigraphic units were used to re-
construct the UA3c/4 and UB4c/5a erosional surfaces (Fig. B.5a,b).
In geostatistics, Kriging is a method of interpolation which, from a
modelled function of spatial autocorrelation between known points
(e.g., recorded elevations), calculates values of unknown points (e.g.,
predicted elevations). Thus, in order to address our specific objec-
tive, i.e., to quantify and analyse the vertical distribution of the
archaeological and palaeontological material, we measured the min-
imum orthogonal distance (d) of each specimen to the interpolated
erosional surface (Fig. B.5c). For the units above and below this sur-
face (i.e., UB4c and UB5a), the relative distribution of lithic classes
and faunal remains was informally tested by means of density esti-
mations.

In Area A, the UA3c/4 erosional contact is locally sharp, but,
in contrast to Area B, parts of the eroded unit UA4 are mixed with
pockets of the UA3c organic-rich silty sands and intraclast-rich mud
flows (Karkanas et al., In press). However, from sparse known points
of the erosional contact, the UA3c/4 surface was interpolated and
the vertical dispersion of remains estimated as well. The elephant
remains were excluded from this analysis, since they clearly lie hori-
zontally at the UA3c/4 contact (Fig. B.4a). Finally, a Student’s two
sample t-test allowed us to compare the empirical distributions of
different groups of remains for each stratigraphic unit.

B.2.3 Point pattern analysis

A spatial point pattern is defined as the outcome of a random spa-
tial point process (repetitions of it would always create a different
pattern). The observed patterns of the archaeological and palaeon-
tological remains were treated as manifestations of spatial point pro-
cesses, i.e., site formation processes. Point pattern analysis investi-
gates the spatial arrangement of points with the aim of identifying
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Figure B.5: Ordinary Kriging interpolation of the UA3c/4 (a) and
UB4c/5a (b) erosional surface; the colour scale denotes absolute eleva-
tion in m a.s.l. (c) Illustration of the method used to quantify the vertical
dispersion of remains (d) with respect to the UA3c/4 (a) and UB4c/5a
(b) surface.

spatial trends. In order to integrate the previous studies of the fab-
ric and vertical distributions, we directed our point pattern analysis
equally to the intensity of the patterns (the rate of occurrence of
the recorded finds) and to the spatial interaction between different
types of finds.

As the average number of random points per unit area, intensity
informs about homogeneity or inhomogeneity in the distribution of
events (e.g., clasts) generated by a point process (e.g., mud flow),
i.e., whether the rate of occurrence is uniform or spatially varying
across the study area. Intensity, usually non-parametrically eval-
uated by means of kernel density estimation (Diggle, 1985), was
assessed for the distribution of material from the UB4c, UB5a and
UA3c units. Cross-validation bandwidth, which assumes a Cox pro-
cess, and edge correction were applied using the methods described
in Diggle (1985).

In the presence of a covariate, it is recommended to further in-
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vestigate the dependence of intensity on that explanatory variable
(Baddeley et al., 2012). In order to evaluate whether variation in the
density of materials was correlated to the topography of the erosional
surface, we computed a local likelihood smoothing estimate of the
intensity of remains from UB4c as a function of the UB4c/5a surface
elevation model. Formal tests enabled us to assess the evidence of
that dependence and to quantify the strength of the covariate. The
Kolmogorov-Smirnov test of CSR (Complete Spatial Randomness)
and Berman’s Z2 statistics were used to test the strength of evidence
for a covariate effect. The Receiver Operating Characteristic (ROC)
plot, and the area under the ROC curve (AUC), closely related to
Berman’s Z2 test, measure the magnitude of the covariate effect.
AUC values close to 1 or 0 indicate strong discrimination, whereas
intermediate values (0.5) suggest no discrimination power.

Intensity, evaluated by means of kernel density maps, although
informative and widespread in the literature, nonetheless does not
provide sufficient information to reliably infer about site formation
processes. Whereas intensity is a first-order property of the point
process, multiscale inter-point interaction is measured by second
or higher-order moment quantities, such as the Ripley’s K corre-
lation function (Ripley, 1976, 1977) and the distance G-, F - and
J-functions. Three different types of inter-point interaction are pos-
sible: random, regular or cluster. In a hypothesis-testing frame-
work, point-wise envelopes are computed by a number of random
simulations of the null hypothesis (i.e., random/Poisson distribu-
tion). Thus, values of the empirical distribution (black solid line)
are plotted against the benchmark value (red dotted line) and the
envelopes (grey area) which specify the critical points for a Monte
Carlo test (Ripley, 1981). Regular patterns are assumed to be the
result of inhibition processes, while cluster patterns are the result of
attraction processes.

In order to test the spatial interaction between remains associ-
ated with the erosional event of UB4c and those associated with the
underlying UB5a unit, we treated the data as a multivariate point
pattern, assuming that the point patterns in UB4c and UB5a are
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expressions of two different stationary point processes, i.e., deposi-
tional events. We performed a cross-type pair correlation function
gij(r), derivative of the multitype Kij(r) function, which is the ex-
pected number of points of type j lying at a distance r of a typical
point of type i. The function is a multiscale measurement of the
spatial dependence between types i (UB4c) and j (UB5a). Ran-
domly shifting in 199 Monte Carlo permutations each of the two
patterns, independently of each other, estimated values of ĝij(r) are
compared to a benchmark value gij(r) = 1, which is consistent with
independence or at least with lack of correlation between the two
point processes.

In addition to the pair correlation function, the multitype nearest-
neighbour Gij(r) function was used to estimate the cumulative dis-
tribution of the distance from a point of type i (UB4c) to the nearest
point of type j (UB5a). It measures the spatial association between
the two assemblages. For the cross-type G-function, the null hy-
pothesis states that the points of type j follow a Poisson (random)
distribution in addition to being independent of the points of type
i. Thus, in a randomisation technique, when the solid line of the ob-
served distribution (Ĝij(r) or ĝij(r)) is above or below the shaded
grey area, the pattern is significantly consistent with clustering or
segregation, respectively. In order to reduce the edge effect bias in
estimating the correlation between points, we implemented Ripley’s
isotropic edge correction (Ohser, 1983; Ripley, 1988).

Complete spatial randomness and independence (CSRI) of the
two point processes (UB4c and UB5a) would support an allochtho-
nous origin hypothesis for the assemblage recovered from the UB4c
unit. According to the allochthonous model, the massive, chaotic
UB4c flow event randomly re-elaborated the material entrained in
it, independently from the material deposited in UB5a. On the
other hand, positive or negative association can be interpreted as
expressions of different autochthonous processes.

As for the three-dimensional distribution of the lithic artefacts in
Area A, and their spatial association with the partial skeleton of the
P. antiquus, we applied three-dimensional univariate and bivariate
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second-order functions. A rectangular box of 20 square meters and
80 cm vertical extent was selected for the analyses (green outline
in Fig. B.11a). Assuming homogeneity, the univariate pair correla-
tion function g3(r) was estimated for the pattern of all the artefacts
(mostly debris/chips) from UA3c and UA4. In the specific context of
the site, complete spatial randomness (CSR) would suggest that the
pattern most probably is the result of a random distribution process,
such as a high energy mass movement, thus supporting an allochtho-
nous model of deposition. On the other hand, spatial aggregation
would support a primary origin of the assemblage. Nevertheless, to-
pography and natural obstructions may generate spatial clustering
as well.

In support to the pair correlation function, the cross-type nearest-
neighbour function has been applied in order to compute, for each
artefact recovered from the UA3c and UA4 units, the nearest point of
the three-dimensional clouds of points associated with the elephant
skeleton. A prevalence of short distances would indicate aggrega-
tion of the lithic artefacts around the mass of the elephant; whereas
a uniform or symmetric distribution would support the action of
random independent processes.

B.3 Results

B.3.1 Fabric analysis

The rose diagrams in Fig. B.6 visualise the circular distributions of
the examined specimens. Overall, the UA4 sample and the sample
of elephant bones show unimodal distributions with predominant
peaks in the NE quadrant; while the ones from units UA3c and
UB4c suggest multimodal distributions. Specifically, the UA4 sam-
ple distribution (Fig. B.6b) spreads largely in the NE quadrant. Sim-
ilarly, the circular distribution of the elephant sample (Fig. B.6c),
mainly lying in UA4, resembles the former distribution: it is skewed
to the SW and concentrated in the NE quadrant. On the other
hand, the UA3c sample (Fig. B.6a) shows a bimodal distribution
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Figure B.6: Rose diagrams showing the bearing patterns of samples
from UA3c (a), UA4 (b), the elephant carcass (c) and UB4c (d: clock
method, e: compass method).

with two peaks to the E and NE, and the two samples from Area
B (Fig. B.6d,e) suggest a different multimodal scenario uniformly
distributed.

Table B.3 summarises the results of the circular uniformity tests.
With regard to the UA3c sample, the Rayleigh test (p − value =
0.03) rejected the null hypothesis of circular uniformity. The mean
resultant length (R̄ = 0.27) and the mean direction of 77° are thus
significant, assuming the distribution is unimodal. However, the rose
diagram (Fig. B.6a) showed a bimodal distribution. The Kuiper,
Watson and Rao omnibus tests, more powerful than the Rayleigh
test in detecting multimodal deviation from uniformity, also rejected
the null hypothesis of uniformity, therefore suggesting significant
anisotropy in the distribution. For the UA4 sample and the subset
of elephant bones, all the uniformity tests agreed in rejecting the
null hypothesis in favour of a preferentially oriented distribution.

108



Results

Table B.3: Value and p − value of circular uniformity test statistics.

Rayleigh Kuiper Watson Rao
Sample mean dir. R̄ p Vn p U2 p U p
UA3c 77.17° 0.268 0.029 2.4698 <0.01 0.2967 <0.01 271.8367 <0.001
UA4 35.79° 0.386 0.003 2.5656 <0.01 0.3437 <0.01 246.3158 <0.001
P. antiquus 54.64° 0.489 2.775e-07 3.4811 <0.01 0.906 <0.01 291.4286 <0.001
UB4c (clock) 91.66° 0.276 0.054 1.8963 0.01<p<0.025 0.1937 0.025<p<0.05 255.7895 <0.001
UB4c (compass) 151.17° 0.243 0.106 1.3944 >0.15 0.1268 >0.10 128.5263 >0.10

The elephant sample, with respect to the other, showed significantly
higher test results, thus stronger anisotropy. As suggested by the
rose diagrams (Fig. B.6c), this sample has a mean direction towards
the NE (55°) and relatively low circular variance (29°).

The UB4c sub-samples had discordant test results when consid-
ering the omnibus statistics. However, according to the
Rayleigh test, the mean resultant lengths (R̄) and the mean direc-
tions were not significant for both sub-samples of measurements:
p − values > 0.05 failed to reject the null hypothesis of isotropy
with 95% confidence interval. This result is well confirmed by the
Kuiper, Watson and Rao tests for the sub-sample of measurements
recorded using the compass. Conversely, the omnibus tests failed
to reject the hypothesis of uniformity for the other sub-sample of
measurements recorded with the clock method. The rose diagram
(Fig. B.6d) suggested for the latter distribution strong multimodal-
ity, with uniformly spread peaks. The contrasting results obtained
for the UB4c sub-samples are most probably due to the shape of
those distributions. Indeed, the clock system, being less accurate,
tends to produce a less dense distribution, more subject to show a
multimodal shape when the distribution is actually uniform.

The Woodcock eigenvalues ratio graph (Fig. B.7a) presents the
shape (K) and strength (C) of the distributions. Fig. B.7b plots
confidence levels of Monte-Carlo critical C values, varying for sam-
ple sizes. The two sub-samples from Area B nearly overlapped, thus
suggesting reliability of the orientation measurements collected using
the clock system, although of low accuracy. The two sub-samples,
together with the UA3c sample, having low C values, plotted close to
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the origin of the ratio graph. Therefore, they indicate weak preferen-
tial orientation (UA3c) and significant randomness (UB4c). On the
other hand, the UA4 and the elephant samples, with higher C values,
showed a stronger and significant tendency to orient preferentially.
The shape parameter K of the samples varied from K = 0.25 for
the UB4c sample measured with the compass, to K = 0.66 for the
one measured with the clock, to K = 0.48 for the elephant sample.
Overall, all the samples, except the UA3c one (K = 1.63), plotted
below the average shape value (K = 1) between girdles and clusters
distributions.

The Benn diagram (Fig. B.8) resembles theWoodcock ratio graph
(Fig. B.7a). The samples from units UB4c and UA3c clearly plotted
at a distance from the UA4 and the elephant samples. The UB4c
samples plotted in the upper corner of the ternary graph, with the
UB4c sub-sample of measurements taken with the compass exhibit-
ing more isotropy. The UA3c sample, with an elongation index
similar to the elephant sample, but higher isotropic index, plotted
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towards the centre. Compared to the ranges of fabrics recorded for
modern natural processes (debris flow and runoff), the fabric from
the UA3c and UB4c units plotted well inside the cluster of debris
flows, with the UB4c (comp) sample suggesting even more random
orientations. On the other hand, the sample of elephant remains,
which lie mostly on UA4 and are covered by UA3c, plotted signif-
icantly close to the sample from unit UA4. They both presented
the lowest isotropy index (IS), but not high elongation index (EL).
Thus, they plotted in the average between linear and planar orienta-
tions, at the margins of the range of runoff processes. Yet they still
plotted within the cluster of debris flows fabrics. Moreover, as sug-
gested also by the uniformity tests (Tab. B.3), the elephant sample
showed a more linear attitude with respect to the UA4 sample.

B.3.2 Vertical distribution

Fig. B.9 compares the vertical distribution of the finds from units
UA3c and UA4, by means of empirical density functions of the min-
imum distances (d) from each specimen to the UA3c/4 erosional
contact (Fig. B.5a). Three lithic artefacts (two flakes and one tool)
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from the UA3c unit, not included in Fig. B.9, plotted within 15 cm
from the interpolated surface. Only one flake has been found in the
lower UA4, at about 17 cm from the UA3c/4 contact, together with
three chips. Despite the scarcity of debitage products in this area,
waste products (debris/chip) are relatively well represented (16% of
the UA3c sample). Their vertical dispersion approximated a nor-
mal distribution (µ = 0.24, σ = 0.15): the Kolmogorov-Smirnov
and Shapiro tests failed to rejected the null hypothesis of normal-
ity (p − value=0.83 and 0.075, respectively). Notably, the distri-
butions of the faunal remains from the same unit UA3c were all
right skewed, with means (µ) about 20 cm above the UA3c/4 con-
tact. Nevertheless, the Welch two sample t-test (p − value = 0.61)
failed to reject the null hypothesis that the lithic and faunal sample
means are equal. The total distribution of remains from unit UA3c
showed a unimodal distribution, skewed to the right, with mode in
the proximity of the UA3c/4 surface. Similarly, the vertical distri-
bution of faunal remains recovered from unit UA4 concentrate in the
first 10 cm below surface. The density functions altogether clearly
confirmed one of the main observations assessed during excavation,
namely that, with the elephant remains lying at the UA3c/4 contact
and covered by unit UA3c, most of the faunal and lithic material
were recovered from unit UA3c (Fig. B.2) and predominantly in the
proximity of the UA3c/4 contact (Fig. B.9).

Fig. B.10 shows the empirical density functions of the minimum
distances from each specimen from Area B to the UB4c/5a erosional
contact (Fig. B.5b). The combined distribution of any type of find
from the UB5a unit (Fig. B.10a) skewed to the left with a short tail
(up to -0.3 m). The mode, between 5 and 10 cm below the roof
of UB5a, indicates a general concentration of material very close to
the contact of this unit with the overlying UB4c, in accordance with
the mean distribution of the different classes of remains. Although
the majority of both the lithic and faunal assemblages were found in
the uppermost 15 cm of UB5a, few debris/chips and bone fragments
occur lower in the sequence, yet no more than 30 cm below the roof
of this unit. Very few flakes, three tools and no cores have been
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Figure B.9: Empirical density functions of minimum orthogonal dis-
tances (d) to the UA3c/4 surface. The histogram represents the total
distribution of remains from UA3c; dashed lines indicate mean values.

found in this unit. As a whole, the lithic assemblage from UB5a,
mostly composed by debris/chips, is only 7% of the most conspicuous
assemblage from UB4c.

The global distribution of unit UB4c was right skewed (up to
almost 0.6 m) and centred at about 5 cm above the contact with
the underlying unit UB5a (Fig. B.10b). Almost 30% of the sample
fell exactly at the erosional contact that separates UB4c from UB5a.
The density estimations of the lithic debris/chip, flakes, tools and
faunal remains significantly overlap, whereas the distribution of the
six cores shows a bimodal shape with peaks at 5 and 20 cm above the
contact. Moreover, the Welch Two Sample t-test of the lithic and
faunal sample means failed to reject the null hypothesis (p−value =
0.6295).
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B.3.3 Point pattern analysis

Results of the point pattern analysis are complementary to those
obtained from the analysis of the fabric and vertical distributions.
Regarding Area A, kernel density estimation and three-dimensional
functions were applied in order to quantitatively depict the spatial
distribution of the lithic assemblage in relation to the elephant skele-
ton. Fig. B.11a shows the smoothing kernel intensity estimation of
the faunal assemblage from the UA3c unit. Contour lines delimit the
density of the lithic sample. The partial skeleton of the P. antiquus
is superimposed on it. A preliminary visual examination of the plot
suggests a homogeneous distribution of lithics (mostly debris/chips)
and fossils. Spots of higher density appear to be spread around and
in association with the elephant remains.

The univariate pair correlation function of the joined lithic as-
semblage from the UA3c and UA4 units (Fig. B.11b) suggests ag-
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gregation of finds. The estimated ĝ3(r) function (black solid line)
wanders above the benchmark value (red dotted line) until values
of r = 0.8. However, for distances between 35 and 65 cm, it lies
above the grey envelope of significance for the null hypothesis of
CSR, indicating that at those distances artefacts occur significantly
closer than expected in the case of random processes. For values
of r > 0.8, the function stabilises at values close to 0, suggesting a
Poisson distribution. The plot illustrates the random distribution of
finds between patches of clusters that we observe in Fig. B.11a.

The histogram in Fig. B.11c shows the density of the distances
calculated from each artefact to the nearest-neighbour elephant re-
main. A right skewed distribution, with a prevalent peak at 10 cm
and mean (µ) 30 cm is an indication of the relatively strong aggre-
gation of lithics around the mass of the elephant skeleton.

As for Area B, the analysis focused on the spatial distribution and
cross-correlation of the assemblages from UB4c and UB5a. Figs. B.12a,b
respectively show kernel density estimations of the combined lithic
and faunal assemblages from both the units analysed. Despite the
samples size difference, a first visual examination suggests the pres-
ence of interesting spatial structures. Regarding the UB4c unit
(Fig. B.12a), the high density of material concentrated around the
western square 934/600 suggests that the pattern could have been
the result of an inhomogeneous, non-uniform depositional process.
Visual comparison of the density plot with the elevation model of
the erosional contact between the UB4c and UB5a units (Fig. B.5b)
suggests positive correlation between lower elevations (topographic
depressions) and higher density of remains.

Fig. B.12c shows the results of the ρ-function, which estimates
the intensity of the UB4c sample assemblage as a function of the co-
variate underlying topography created by the erosional event. Within
the range of elevation between 350.2 and 350.4 m, the occurrence of
finds is higher and the intensity decreases with the rise of elevation,
i.e., finds are more likely to be found at lower elevations than would
be expected if the intensity was constant. Spatial Kolmogorov-
Smirnov (KS) and Berman’s Z2 (Berman, 1986) statistics were used
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ĝ3
hi(r)

ĝ3
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in order to test the dependence of the UB4c pattern on the covariate
erosional surface. Both KS (D = 0.11952, p− value = 7.772e− 16)
and Z2 (Z2 = −7.8447, p−value = 4.34e−15) significantly rejected
the null hypothesis of CSR. Although the tests suggested evidence
that the intensity depends on the covariate, the effect of the covari-
ate is weak and it seems to have no discriminatory power. The ROC
curve and AUC statistics (0.56), which measure the strength of the
covariate effect, suggest that the underlying UB4c/5a topography
does not completely explain the localised high density of occurrence
in the UB4c.

Relative spatial segregation seems to occur between the assem-
blages from UB4c (Fig. B.12a) and UB5a (Fig. B.12b), with high
density of the former distribution corresponding to low density of the
latter. The former analysis of the vertical distribution showed that
the two assemblages occur very close to their stratigraphic contact
(Fig. B.10). In order to further investigate the spatial interaction be-
tween the two depositional events, we applied multitype pair correla-
tion gij(r) and nearest-neighbour Gij(r) functions. Fig. B.12d shows
the estimated values of the multivariate ĝij(r) function against the
envelope of the null hypothesis, obtained by randomly shifting the
position of remains from the two distributions in 199 Monte Carlo
simulations. For fixed values of r less than 30 cm the observed func-
tion lies below the benchmark value of independence, thus indicating
segregation; but it wanders at the lower edge of the grey envelope.
For fixed distances of r > 0.3 m the observed and theoretical lines
significantly overlap. Overall, the function suggests independence of
the two point processes (UB4c and UB5a) at multiple scales. How-
ever, the estimated Ĝij(r) function (Fig. B.12e), running well below
the significance grey envelope for fixed values of r > 0.3 m, con-
firms that the nearest-neighbour distances between remains from
UB4c and UB5a are significantly longer than expected in the case
of independent processes. Interestingly, at values of r < 0.2 m the
observed function failed to reject the null hypothesis of Complete
Spatial Randomness and Independence (CSRI).

117



Paper II

a

932 934 936

59
5

60
0

60
5

61
0

20
40

60
80

10
0

12
0

14
0

N
0 1

meter

b

932 934 936

59
5

60
0

60
5

61
0

0
5

10
15

20
25

N
0 1

meter

350.1 350.2 350.3 350.4 350.5
20

30
40

50
60

70

c

UB5a_surf .id
ρ(

U
B

5a
_s

ur
f.i

d)

ρ̂(UB5a_surf .id)
ρhi(UB5a_surf .id)
ρlo(UB5a_surf .id)

0.0 0.2 0.4 0.6 0.8

0
1

2
3

4

d

r (meters)

g U
B4

c,
U

B5
a(

r)
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B.4 Discussion

Recent excavations at the Middle Pleistocene site of Marathousa 1
have unearthed in one of the two investigated areas (Area A) a
partial skeleton of a single individual of Palaeoloxodon antiquus,
whose bones are in close anatomical association, and spatially and
stratigraphically associated with lithic artefacts and other faunal
remains. In Area B, 60 m to the South of Area A, we collected a
much higher number of lithic artefacts (Tourloukis et al., In press),
spatially and stratigraphically associated with other faunal remains,
including isolated elephant bones, cervids and carnivores among oth-
ers (Konidaris et al., In press). The two areas are stratigraphically
correlated, the main fossiliferous layers (UA3c and UB4c) represent-
ing a massive depositional process, such as a hyperconcentrated flow
that dumped material in a lake margin context (Karkanas et al., In
press). To date, evidence of butchering (cut-marks) has been iden-
tified on two bones of the elephant skeleton from Area A, as well on
elephant and other mammal bones from Area B (Konidaris et al.,
In press).

However, due to the secondary depositional nature of the main
fossiliferous horizon, it is of primary importance to evaluate the de-
gree and reliability of the spatial association of the lithic artefacts
with the faunal remains, and especially with the elephant skeleton.
In order to tackle our main objective, we applied a comprehensive
set of spatial statistics to the distributions of the archaeological
and zooarchaeological/palaeontological remains from relevant strati-
graphic units of the two areas of investigation. Preliminary results
of our analyses are here discussed for both areas.

B.4.1 Fabric analysis

The analysis of the orientation (plunge and bearing) of subsets of
remains, mostly bone, wood fragments and lithic artefacts, showed
different patterns for the two main find-bearing units. In Area B,
two sub-samples from the same stratigraphic unit were analysed, in
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order to asses the reliability of the orientation data measured with
the clock system. Due to the different shapes of the distributions
(Figs. B.6d,e), test statistics reported contrasting results (Tab. B.3).
Indeed, the clock system, recording non-continuous circular data,
tends to produce a distribution more subject to show a multimodal
shape when it is actually uniform. However, the two sub-samples
nearly overlapped when plotted in the three-dimensional Woodcock
(Fig. B.7) and Benn (Fig. B.8) diagrams, thus suggesting some de-
gree of reliability of the clock method. Nevertheless, despite mi-
nor differences between the two samples, caution should be paid in
analysing grouped circular data.

The test results (Tab. B.3) for the UA4 sample and the sam-
ple of elephant remains - which lie on unit UA4 and are covered
by UA3c - indicated significant preferential orientations towards the
NE (Figs. B.6b,c). As shown by the Woodcock’s (Fig. B.7) and
the Benn’s diagrams (Fig. B.8), these samples plotted together at a
distance from the others. Such convergence suggests that the ele-
phant carcass, the other faunal remains and the organic material,
deposited on unit UA4, were subject to the same processes. Far
from the isotropic corner in the Benn’s diagram these two samples
from Area A plotted approximately in between the linear and pla-
nar extremes, with the elephant sample showing a more linear fab-
ric. When the results published by Bertran et al. (1997) and Lenoble
and Bertran (2004) from observations of fabrics in modern subaereal
slope deposits were used as a reference, the two samples aggregated
at the extreme margins of runoff processes. Yet, they plotted well
within the cluster of debris flows and relatively distant from the
linear corner.

Although Bertran et al. (1997) studied runoff deposits from dif-
ferent environments (channel-lag gravels in rills, small gullies, and
inter-rill surfaces on alpine slopes; and faintly laminated gravel lenses
on an inactive, small colluvial fan), this result is consistent with the
exposure of unit UA4 to overland water-laden processes that oc-
curred before the flood event
UA3c/UB4c. Notably, the erosive nature of low-energy processes
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triggered by rain-water has been observed on lacustrine floodplains,
and is associated with anisotropic patterns in autochthonous assem-
blages (Cobo-Sánchez et al., 2014; Domínguez-Rodrigo et al., 2014c;
García-Moreno et al., 2016).

Pockets of thinly bedded organic-rich silty sands have been found
mixed in UA4. These sands in Area A resemble the UB5b/c sandy
deposit in Area B, which is associated with relatively high energy
fluvial flows entering the lake margins
(Karkanas et al., In press). Eventually, such relatively high energy
flood (UB5b/c) would have had the power to significantly reorient
elements of the elephant carcass and slightly displace them. How-
ever, the elephant skeleton clearly lies on top of unit UA4 and is
covered by UA3c (see Fig.B.4).

Moreover, unlike bones with a tubular shape (i.e., long bones),
ribs and vertebrae are prone to orient preferentially under high en-
ergy processes, less likely under low energy processes
(Domínguez-Rodrigo and García-Pérez, 2013; Domínguez-Rodrigo
et al., 2014c). Interestingly, whereas some of the ribs share the
same preferential orientation with the long bones, others are ori-
ented NW/SE. However, a NW/SE orientation could be consistent
with a prevalent NE direction of the flow (and vice-versa), since long
bones could roll orthogonally to the flow direction
(Voorhies, 1969). On the other hand, a higher energy flood would
lead to an under-representation of skeletal elements with FTI (Flu-
vial transport Index) values ≥ 75 (sacrum, patella, astragalus, cal-
caneum, cervical, thoracic and lumbar vertebrae), which are more
prone - when disarticulated - to be easily transported by water in-
duced processes (Frison and Todd, 1986). Yet, several of these bones
are present and in close spatial association with the elephant cranium
and other skeletal elements. The presence of many of the skeletal
elements with different transportation properties suggests that the
elephant carcass was not subjected to high energy processes (and
probably still articulated) before the flood event UA3c/UB4c.

The fabrics of the UA3c and UB4c samples, with higher isotropic
index (IS), plotted at a significant distance from the elephant sam-
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ple, yet within the cluster of debris flows (Fig. B.8). Indeed, random
distribution and orientation of clasts is expected for debris flows, ex-
cept at flow margins, where preferential orientation and clusters of
clasts have been observed (Pierson, 2005). However, hyperconcen-
trated flows, such as the
UA3c/UB4c flood event, which fall in between the spectrum of water
and debris flows, may develop parallel or normal orientation to the
flow direction (Benvenuti and Martini, 2002; Lindsay, 1968). No-
tably, with respect to the UB4c sample, the UA3c sample exhibits a
higher elongation index (ES), similar to that of the elephant sample
(Fig. B.8). Rose diagrams (Fig. B.6) and uniformity tests (Tab. B.3)
also suggest similar fabrics of the samples from Area A.

Thus, we can assume that an overland flow, namely
UA3c/UB4c, is likely to have slightly reworked and preferentially
oriented to the NE the exposed elements of the already dismembered
(and probably already marginally displaced) elephant carcass, which
mostly preserves close anatomical associations, but not anatomical
connections. Although little is currently known about the spatial
extension of the UA3c/UB4c flow event, the different orientation
patterns between the two areas could probably be explained with
lateral variability. Indeed, the same event could exhibit different
behaviours at different temporal and spatial points, giving rise to
different distribution patterns. However, as suggested by Lenoble
and Bertran (2004), fabric analysis is not sufficient to unequivocally
discriminate processes and should therefore be integrated with the
analysis of other diagnostic features.

B.4.2 Vertical distribution

As for the vertical distribution, we assumed that mass processes,
such as hyperconcentrated flows, would predominantly distribute
poor to very poor sorted clasts homogeneously throughout the se-
quence (Pierson, 2005). Diagnostic inverse grading, or a continu-
ously aggrading bed can be observed in the resultant deposits (Ben-
venuti and Martini, 2002). A concentration of unsorted elements in
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the proximity of the erosional surface, as well as the absence of any
grading, would in turn suggest an autochthonous assemblage.

The lithic assemblage from Area A - the combined units UA3c
and UA4 (n = 54), composed by a few debitage products and a
relatively high number of debris/chips and retouch waste products
(Tab. B.2) - plotted predominantly in the proximity of the erosional
surface created by the UA3c/UB4c event (Fig. B.5a). The faunal
remains from unit UA3c resemble the distribution of the archaeo-
logical assemblage; whereas the ones from the underlying unit UA4
plotted within 10 cm below the erosional contact. Overall, the mate-
rial recovered from unit UA3c did not show any grading and mainly
plotted at the bottom of the unit (Fig. B.9). Thus, its vertical
distribution is consistent with the hypothesis of an autochthonous
assemblage.

In Area B, two samples from units UB4c (n = 1243) and UB5a
(n = 101) respectively, were analysed (Tab. B.2) for quantifying the
minimum orthogonal distance of each item to the modelled erosional
surface (Fig. B.5b). The vertical distribution of lithic artefacts and
fossils from unit UB4c showed a predominant peak right at the con-
tact with the erosional surface. Almost 30% of this rich sample
plotted at a distance between 0 and 5 cm from the erosional con-
tact; whereas the rest gently skewed to the upper part of the unit, up
to about 50 cm. The same distribution was observed for all classes
of remains, suggesting no size sorting and an origin very close to the
erosional surface (Fig. B.10b).

The density distribution of the sample from the underlying UB5a
unit (Fig. B.10a) globally indicates a more constrained vertical dis-
placement of remains (within 30 cm below the erosional surface).
Whereas lithic artefacts and fossils mostly plot right at the contact
and just below it, a few debris/chips and faunal remains were found
lower in the sequence. No size sorting was observed, but, notably,
lithic cores are absent and the debris/chip distribution is wider than
the distribution of the few flakes and tools. Field observations of
cracks in the clayey UB5a unit testify to shrinking and swelling dur-
ing wet and dry cycles (Karkanas et al., In press), which suggests
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that vertical displacement of some small lithics and fossil fragments
at lower depths with respect to the UB5a/4c contact probably re-
sulted from clay desiccation. Likewise, Lenoble and Bertran (2004)
documented up to 30 cm vertical dispersion and frequent vertical
plunge of artefacts from the marshy silty clay of the Croix-de-Canard
site, sector 3. Furthermore, a recent experimental study of animal
trampling in water saturated substrates reported negative correla-
tion with artefact size, significant inclination and greater vertical
displacement than any former work: a maximum between 16 and
21 cm, with a mean of about 6 cm (Eren et al., 2010).

The fact that the majority of the remains from units UB4c and
UB5a plotted at, or very close to the contact between these two lay-
ers, the relatively high percentage of lithics in both units, as well
as the absence of grading, suggest autochthonous assemblages, de-
posited in UB5a and subsequently eroded in situ by the UA3c/UB4c
flood event.

B.4.3 Point pattern analysis

The autochthonous hypothesis was further explored by means of
point pattern analysis. According to this model, in both areas the
lithic and faunal assemblages were primarily deposited in situ and
were subsequently eroded and re-deposited (sensu Fernández-López,
1991) by the hyperconcentrated flow
UA3c/UB4c. We assumed that a completely random spatial distri-
bution of the lithic artefacts and faunal remains would suggest an al-
lochthonous origin and subsequent re-elaboration (sensu Fernández-
López, 1991), with transport to the site by the action of a random
massive process. Nevertheless, clustering of artefacts is not necessar-
ily evidence of human presence. Aggregation or segregation patterns
could be produced by a range of biotic and/or natural processes.
Human activities, topography and physical obstructions alike could
trigger spatial aggregation.

The three-dimensional distribution of lithic artefacts from unit
UA3c shows significant clustering for values of r between 35 and
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65 cm. Lithic artefacts occur relatively close to the skeletal ele-
ments of the elephant, at a distance between 20 and 50 cm at most
(Fig. B.11). The richest cluster of about 20 lithic artefacts is located
to the SW of the cranium, close to the right femur and the scatter of
ribs and vertebrae. Considering the prevalent NE orientation of the
elephant bones and the other faunal remains from UA4 and UA3c,
it is not unlikely that a SW/NE oriented flood could have been re-
sponsible for the observed accumulation to the SW of the elephant
cranium, which would have represented an important obstruction to
the flow. A similar case of clustering of small remains, apparently
dammed by a long elephant tusk, has also been observed at Castel di
Guido (Italy) by Boschian and Saccà (2010). Secondary deposition
by low-energy flows and clustering of artefacts and bones blocked by
an aurochs carcass have been as well documented at the site of ’Ein
Qashish (Israel) (Hovers et al., 2014). However, the pair correlation
function (Fig. B.9b) suggests significant clustering of lithic artefacts
at relatively small scale: a pattern less likely to be produced by a
large scale massive process such as a hyperconcentrated flow. More-
over, clusters of lithic artefacts occur as well in areas with lower
densities of elephant bones.

Small scale clustering; proximity to the elephant remains and
the erosional surface; absence of spatial size sorting and, on the con-
trary, the presence of a relatively high number of lithic debris/chips
associated with some flakes, tools and a rich faunal assemblage;
close anatomical spatial association of the elephant skeletal elements,
slightly displaced and preferentially oriented: altogether these lines
of evidence support the hypothesis of an autochthonous deposition,
subject to localised minor reworking.

A similar pattern can be observed in Area B, where an initial
set of spatial statistics confirmed that the inhomogeneous density of
remains from unit UB4c (Fig. B.12a) is not completely explained by
the covariate effect of the underlying complex topography created
by the erosional event UA3c/UB4c (Fig. B.5b). Thus, we explored
the relative spatial interaction between the UB4c and the underly-
ing UB5a samples. We assumed that complete spatial randomness
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of the two independent depositional processes would occur in case of
an allochthonous origin and transportation of the UB4c assemblage.
The hypothesis of an autochthonous original deposition of the faunal
and lithic assemblages on the UB5a unit, subsequently eroded in situ
by a relatively high energy flood (UB4c), was tested by cross-pattern
spatial correlation functions (Figs. B.12d,e). Whereas the two sam-
ples are vertically adjacent to the erosional surface (Fig. B.10), on
the horizontal plane they are both more segregated than expected
for a random distribution.

Conversely, the extraordinary preservation and number of mint
to sharp, unsorted lithic artefacts from the UB4c unit; their density,
positively correlated to the topography, and significantly segregated
from the underlying distribution of remains; the vertical proximity
of both assemblages from UB4c and UB5a to the erosional surface;
as well as the random orientation pattern of the former, suggest
that significant displacement of materials due to the erosional event
can be excluded. The faunal and lithic assemblages from unit UB4c
therefore most likely derived from the local erosion of exposed mud-
flat areas (unit UB5a) and have been slightly redistributed by the
same flood event that capped the elephant in Area A.

Further evidence that the recovered assemblage has not under-
gone substantial reworking and has retained its original character-
istics would come from the refitting analysis, currently in progress.
To date, 4 bone refits have been found in Area B: three from unit
UB4c, respectively at 4.77, 0.05 and 0.01 m distance; and one be-
tween two mammal bone fragments from units UB4c and UB5a, at
a very short distance (0.09 m). Interestingly, one of the elements
of the most distant refit (a Dama sp. mandibular fragment) shows
traces of carnivore gnawing (Konidaris et al., In press).

In conclusion, multiple lines of evidence reject an allochthonous
hypothesis of deposition in favour of an autochthonous model. The
erosional event UA3c/UB4c represents an en mass depositional pro-
cess, i.e. a hyperconcentrated flow, in the continuum between water
and debris flow, which would have locally reworked at a small scale
the already exposed or slightly buried and spatially associated lithic
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and faunal assemblages.
Although the UA3c/UB4c process represents a snapshot of a rel-

atively short time-frame, high resolution inferences about the use of
space by human groups, in terms of knapping episodes and butcher-
ing activities, are unreliable in light of the current information. The
spatial pattern observed at the site is indeed the result of the last
episode in a palimpsest of spatial processes. Whereas the erosional
event represented by the hyperconcentrated flow UA3c/UB4c caps
the fossiliferous horizon and preserves the record, little is known
about the underlying, eroded ’occupational’ surface.

However, whereas hunting or scavenging in the Lower Palae-
olithic is still an unsolved matter of debate, considering the rate
of bone fragmentation, the density of lithic debris/chips, the num-
ber of processed bones and their spatial density and association,
it is likely that the assemblage represents a complex palimpsest of
locally repeated events of hunting/scavenging and exploitation of
lake shore resources. More data from high resolution excavations in
the coming years will allow us to refine the coarse-grained spatio-
temporal resolution of our inferences about past human behaviour
at Marathousa 1.

B.5 Conclusions

At the Middle Pleistocene open-air site of Marathousa 1, a partial
skeleton of a single individual of Palaeoloxodon antiquus was recov-
ered in stratigraphic association with a rich and consistent lithic
assemblage and other vertebrate remains. Cut-marks and percus-
sion marks have been identified on the elephant and other mammal
bones excavated at the site. The main find-bearing horizon repre-
sents a secondary depositional process in a lake margin context.

Understanding the site formation processes is of primary impor-
tance in order to reliably infer hominin exploitation of the elephant
carcass and other animals. To meet this aim, we applied a com-
prehensive set of multivariate and multiscale spatial analyses in a
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taphonomic framework.
Results from the fabric, vertical distribution and point pattern

analyses are consistent with a high-energy erosional process, such
as a hyperconcentrated flow deposited at the margin of a swamp,
reworking at a small scale an exposed (or slightly buried) and con-
sistent scatter of lithic artefacts and faunal remains. These results
are in agreement with preliminary taphonomic observations of the
lithic artefacts (Tourloukis et al., In press) and the faunal remains
(Konidaris et al., In press), which also indicate minor weathering
and transportation. Our analyses show that multiple lines of evi-
dence support an autochthonous origin of the lithic and faunal as-
semblages, subject to minor post-depositional reworking.
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Abstract

Spatial taphonomy complements the traditional taphonomic approach.
By applying advanced spatial statistical methods, it aims to in-
vestigate the multiscale and multilevel spatial properties of bios-
tratinomic and diagenetic processes. In this study, we elaborate
on a specific aspect - spatial anisotropy - of taphonomic processes.
Circular statistics are used for the fabric analysis of elongated el-
ements; geostatistics (directional variograms), wavelet and point
pattern analyses are applied for detecting anisotropy at the as-
semblage level. The main aim is to unravel the taphonomic his-
tory of the Late Villafranchian vertebrate assemblage Tsiotra Vryssi
(Mygdonia Basin, Macedonia, Greece), with respect to the spe-
cific depositional environment, the number of depositional events
(single or multiple) and the degree of transportation of the fos-
sil record (autochthonous vs. allochthonous assemblage). The re-
sults of our multiscale and multilevel analysis of anisotropy, inte-
grated with preliminary remarks about the differential preservation
of skeletal elements and with sedimentological observations, suggest
multiple dispersion events and recurrent spatial re-arrangement of
a lag, (peri)autochthonous assemblage, consistent with the cyclical
lateral switching of a braided fluvial system. Spatial taphonomy
enhances our understanding of taphonomic modification processes,
in turn with consequences for palaeoecological reconstructions and
biochronological estimates. Furthermore, this study offers an impor-
tant contribution to the building of a spatial taphonomic referential
framework for the interpretation of other fossil vertebrate assem-
blages, including archaeo-palaeontological ones.
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Introduction

C.1 Introduction

Since the first definition of taphonomy as “the study of the tran-
sition (in all its details) of animal remains from the biosphere into
the lithosphere” (Efremov, 1940), the spatial properties of tapho-
nomic processes received special attention. Concerned about thana-
tocoenosis, Efremov (1940) indicated as chief part of a taphonomic
study, among others, the analysis of “the spatial distribution of
animal remains and their distribution relatively to the planes of
stratification”. More recent research on early hominid evolution
(Behrensmeyer, 1975a; Boaz and Behrensmeyer, 1976; Hill, 1976)
extended the original definition of taphonomy beyond its role as a
“new branch of paleontology” (Efremov, 1940) to include also for-
mation and modification processes of the archaeological record. De-
spite some misrepresentations in the archaeological adaptation of
the original concept (e.g., the ontological difference between natural
and cultural formation processes; Domínguez-Rodrigo et al., 2011;
Lyman, 2010), in the last decades taphonomy has widened its the-
oretical and methodological framework towards an integrative and
multidisciplinary investigation that aims to reconstruct the past in
all its details, incorporating any signal of the processes, both natu-
ral and cultural, that modified the original properties of the organic
and inorganic components (Domínguez-Rodrigo et al., 2011).

If taphonomy evolved towards an evolutionary and systemic ap-
proach that embraces multiple taphonomic levels of organisation
(i.e., basic taphonomic elements, taphonomic groups [taphons], tapho-
nomic populations and taphoclades; Fernández-López, 2006), like-
wise, the study of the spatial properties of taphonomic processes
extended from the analysis of the spatial distribution of animal re-
mains in relation to the stratigraphic setting, towards a multilevel
quantitative investigation of the spatial behaviour of different tapho-
nomic entities (sensu Fernández-López, 2006). Therefore, spatial
taphonomy, formally defined by Domínguez-Rodrigo et al. (2017),
encompasses the spatial properties of basic entities (i.e., taphonomic
elements, constituting the fossil record), as well as higher level en-
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tities (e.g., taphonomic groups or populations). Indeed, at multiple
scales and levels of organisation, the spatial patterns observed in
any palaeontological or archaeological assemblage retain valuable in-
formation about taphonomic accumulation and re-elaboration pro-
cesses (sensu Fernández-López et al., 2002). Spatial taphonomic
data, appropriately recorded, can be quantitatively analysed within
a statistical framework in order to reliably draw inferences about
taphonomic processes, in turn with consequences for palaeoecologi-
cal reconstructions (Fernández-Jalvo et al., 2011), biochronological
estimates and the interpretation of past human behaviours.

In this study, we elaborate on a specific aspect - anisotropy -
of the spatial properties of taphonomic entities, with implications
for the interpretation of taphonomic processes. Anisotropy, as op-
posed to isotropy, is generally defined as the property of a process
of being directionally dependent. Spatial anisotropic patterns can
be seen as products of physical anisotropic processes, such as fluvial
or eolian processes, which modified at multiple scales and levels of
organisation the original spatial properties of taphonomic entities.

At the level of basic taphonomic elements, anisotropy, expressed
as preferential orientation of fossils or artefacts, is among the key
variables used for interpreting site formation and modification pro-
cesses. Especially in terrestrial alluvial environments, anisotropy
is one of the proxies traditionally used to discriminate autochtho-
nous vs. allochthonous assemblages (Petraglia and Nash, 1987; Pe-
traglia and Potts, 1994; Schick, 1987; Toots, 1965; Voorhies, 1969,
among others). The orientation of elongated elements, prone to pref-
erentially align along the flow direction, would eventually indicate
the action of water-flows and suggest substantial transport prior
to burial. Nevertheless, anisotropy has been equally documented
in autochthonous assemblages subjected to low-energy water-flows
(Cobo-Sánchez et al., 2014; Domínguez-Rodrigo et al., 2012, 2014d);
hence, it can be a necessary but not sufficient condition to differen-
tiate allochthony from autochthony (Lenoble and Bertran, 2004).
Moreover, besides water-flow processes, anisotropy has been as well
observed in association with a wide range of other biostratinomic
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processes, such as slope processes (Bertran and Texier, 1995) and
trampling (Benito-Calvo et al., 2011).

Although the anisotropy of basic taphonomic elements have been
long studied, the anisotropy of higher level taphonomic entities re-
ceived by far less attention (see Markofsky and Bevan, 2012 for a
directional analysis of archaeological surface distributions). Here we
address this research gap and conduct a spatial taphonomic study
of anisotropy both at the level of fossil specimens and at the assem-
blage level. The present study uses a comprehensive set of spatial
statistics (fabric analysis, geostatistics, wavelet analysis, point pat-
tern analysis) in order to identify directional trends that may not
be readily apparent. Indeed, beyond the traditional approach of
eye-spotting spatial patterns, spatial statistics allow one to adopt a
more formal, quantitative approach.

Therefore, integrating the results of our multiscale and multi-
level analysis of anisotropy with preliminary remarks about differen-
tial taphonomic preservation, we aim to disentangle the taphonomic
history of the fossiliferous locality Tsiotra Vryssi (Mygdonia Basin,
Macedonia, Greece; Konidaris et al., 2015).

Finally, this study offers an important contribution to the build-
ing of a spatial taphonomic referential framework for the interpreta-
tion of other fossil vertebrate assemblages, including archaeo-palaeontological
ones (Domínguez-Rodrigo et al., 2017).

C.2 The palaeontological site of Tsiotra Vryssi
(TSR)

The locality Tsiotra Vryssi (TSR) is located in the Mygdonia Basin
(Macedonia, Greece), about 90 km southeast of Thessaloniki (Fig. C.1).
TSR was discovered in 2014 by a joint research team from the Aris-
totle University of Thessaloniki and the Eberhard Karls University
of Tübingen during systematic field surveys in the basin. After the
first collection of fossils from the exposed natural section and the
test excavation carried out in 2014, systematic excavation of the site
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Figure C.1: Geological setting of the Mygdonia Basin (Macedonia,
Greece) showing the Quaternary lithostratigraphic units and the location
of Tsiotra Vryssi (TSR), modified after Koufos et al. (1995)

took place in 2015 and is still ongoing (Fig. C.2a).
To date, the excavation covers an about 10 m-thick stratigraphic

interval from the upper Gerakarou Formation (Fig. C.1), a suite
of continental clastic deposits of mainly fluvial origin and interlay-
ered palaeosols (Konidaris et al., 2015; Koufos et al., 1995). The
TSR fauna occurs mainly within a c. 1 m-thick interval of silts
(uppermost part of Geo2, see Fig C.3) and comprises several mam-
malian taxa, as well as some birds and reptiles, whose preliminary
biochronological correlation is consistent with a late Villafranchian
(Early Pleistocene) age (Konidaris et al., 2016, 2015).
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Figure C.2: Panoramic view (2017) of the excavation area at Tsio-
tra Vryssi (a). Picture of Geo 2a, North section (b). Details of a cluster
of bones (c, f, g) and articulated specimens (d, e).
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The sedimentary character of the excavated deposits allows iden-
tifying two main depositional units (Geo 1 and Geo 2, from younger
to older; Fig. C.3). The fossiliferous unit Geo 2 begins with about
1.5 m (Geo 2b in Fig. C.3) of cross-stratified gravelly sands organ-
ised into dm-thick beds with a range of planar to trough-cross lam-
inations. Above a sharp contact, a few tens of cm of well-sorted,
structureless fine sands follow, which rapidly grade upward into the
deposit forming the matrix of the main TSR fossil finding (Geo 2a
in Fig. C.3). This is represented by about 1 m of poorly sorted silts
(moderately rich in mica grains), which are locally intercalated by
cm-thick lenses of medium to coarse sands and become relatively
more clayey in their topmost 30 cm. Apart for alignment of isolated
granule-grade clasts and some crude parallel lamination in coarse
lenses, the deposits appear overall structureless. Noteworthy, Geo
2b can be followed laterally for at least 150m in a E-W direction,
suggesting an extensive setting of deposition. Geo 1 begins with an
up to 2 m-thick bed set of cross-stratified gravelly sands and grav-
els, similar to those observed in Geo 2b (Geo 1b in Fig. C.3). It
down-cuts deeply into the underlying Geo 2a and shallows toward
the W. In the same direction component beds of Geo 1b tend to
be thinner, finer grained and less extensive laterally, suggesting less
energetic hydrodynamic conditions. Though poorly exposed, the
younger Geo 1a is represented by a monotonous 3 m-thick section
of poorly silty sands devoid of coarse intercalations, which rapidly
grades into clayey silts of a distinctive pale brown colour (Fig. C.3).

Overall, the stratigraphic position of TSR in the fluvio-terrestrial
Gerakarou Formation (Koufos et al., 1995) and the specific sedimen-
tary sequence of the site indicate that TSR was formed in a fluvial
environment. A preliminary visual inspection of the vertical and hor-
izontal distribution of the fossil finds (Fig. C.4) suggests a densely
preserved association of fossils (about 24 elements/m2), homoge-
neously distributed within the study area. Apparent anisotropy is
also suggested at assemblage level.

In such a fluvial depositional context, questions arise with re-
spect to the specific character of the TSR fossil assemblage, the
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The palaeontological site of Tsiotra Vryssi (TSR)

Figure C.3: Stratigraphic log of the Tsiotra Vryssi locality.
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Figure C.4: Vertical (a) and horizontal (b) distribution of the sampled
fossil specimens from Tsiotra Vryssi (excavations 2015-2017). Filled circles
mark complete specimens, hollow circles mark fragmented ones. Grey
continuous line in a) marks the Geo 1/2 erosional contact, as recorded at
the AB transect marked in b).
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number of depositional events (single or multiple) and the degree of
transportation of the fossil record (autochthonous vs. allochthonous
assemblage).

C.3 Material and methods

C.3.1 Data collection and subsetting

Since 2015 a grid of 1 m2 units was set up and a total station was
used in order to record the spatial provenience of collected (i.e., di-
agnostic bones and teeth, and carnivore modified bones) and not
collected remains (i.e., not diagnostic bone fragments with length
≥50 mm; Fig. C.2a). Not diagnostic, or not carnivore modified bone
fragments with length <50 mm were not recorded. This dimensional
threshold was chosen because small bone fragments show more ran-
dom orientations than longer specimens (Domínguez-Rodrigo et al.,
2014d). Orientation (plunge and bearing) of clearly elongated speci-
mens (i.e., specimens with length at least twice the width) was mea-
sured with a 1 degree accuracy, using a compass and inclinometer
(Eberth et al., 2007; Fiorillo, 1991; Voorhies, 1969, among others).
Strike and dip measurements were taken along the symmetrical lon-
gitudinal a-axis (SLA) of the specimens (Domínguez-Rodrigo and
García-Pérez, 2013), using the lowest endpoint of the a-axis as an
indicator of the vector direction. The dimensions (length and max-
imum width) of the recorded finds were measured on-site with a
millimetric measuring tape.

The present spatial taphonomic study analysed a sample of strat-
ified specimens (n = 797) from the fossiliferous layer Geo 2a, whose
spatial coordinates were recorded with the total station. The area
of analysis concerns the 34 m2 excavated from 2015 until 2017. The
sample included mostly macromammal remains (n = 707, 89%), un-
determined isolated bone fragments (n = 70), birds (n = 12) and
turtle (n = 8) remains. A sub-sample (n = 249) was further subset
for the fabric analysis described below. Stratified specimens from
Geo 2a collected during the test excavation of 2014, or subsequently
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found in plaster-jackets with concentration of bones during the lab
preparation were excluded due to the lack of precise spatial coordi-
nates. The very small sample (n = 4) of micromammal remains was
also not included in the spatial and faunal analyses. Faunal analysis
was conducted on a sub-sample of complete or fragmented, isolated
or articulated macromammal remains (n = 707). Further subsetting
strategies are described below.

C.3.2 Spatial anisotropy

Different methods have been developed in neighbouring disciplines
to detect spatial anisotropy. Here we use circular statistics for the
fabric analysis of taphonomic elements; geostatistics (directional var-
iograms), wavelet analysis and point pattern analysis for detecting
anisotropy at the assemblage level. AMS for the fabric analysis of
magnetic minerals.

Fabric analysis

The first controlled experiments and analyses of the orientation and
dispersal of disarticulated mammal bones as indicators of the deposi-
tional context, carried out by Toots (1965) and Voorhies (1969), led
to an increasing number of studies of the effects of water flows on nat-
ural and anthropogenic faunal assemblages (Aramendi et al., 2017;
Benito-Calvo and de la Torre, 2011; Cobo-Sánchez et al., 2014; de
la Torre and Benito-Calvo, 2013; Domínguez-Rodrigo et al., 2014b,
2012, 2014d; Fiorillo, 1991; Nash and Petraglia, 1987; Organista
et al., 2017; Petraglia and Nash, 1987; Petraglia and Potts, 1994;
Schick, 1987, among others).

Whereas most of these studies have been conducted on disartic-
ulated elongated bones or bone fragments - which were observed to
preferentially align their a-axes along the direction of the flow - rel-
atively few have investigated the hydraulic behaviour of articulated
skeletal elements. Flume experiments conducted by Coard and Den-
nell (1995) and Coard (1999) demonstrated that articulated bones
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display a greater transport potential than disarticulated ones when
the articulated elements align themselves. However, they also noted
that skeletal parts with a higher number of articulated elements,
such as complete limbs, may show weak preferential orientation when
assuming disorganised spatial configuration, i.e., when not aligned.
Therefore, articulated bones, although relatively common in TSR
(Fig. C.2c,d,e), were not included in the fabric analysis.

In this study we applied circular statistics to a subset of 249
non-articulated, elongated bone specimens, having length >= 20mm
(Domínguez-Rodrigo et al., 2014d). No distinction of skeletal ele-
ments was made, due to the high percentage (91%, n = 227) of
fragmented remains in the analysed sample - mostly appendicular
(n = 122), undetermined (n = 93), axial and cranial (n = 12) frag-
ments - and due to the low percentage (9%, n = 22) of complete
bones - 17 limb bones, 4 scapulae and a rib.

We applied Rayleigh and omnibus tests of uniformity, such as
Kuiper, Watson and Rao (Jammalamadaka et al., 2001), to test the
isotropic orientation of the fossil specimens. Whereas the Rayleigh
test assumes a unimodal distribution and assess the significance of
the sample mean resultant length (R̄), the omnibus tests detect mul-
timodal departures from the null hypothesis of circular isotropy.

Rose and equal area Schmidt diagrams were used as exploratory
data analysis tools to visualise the sample distribution. Compared to
the widely used rose diagrams, which plot the circular distribution of
the bearing values, the Schmidt equal area diagram informs about
the distribution of the three-dimensional orientation (plunge and
bearing) of the elements (Fiorillo, 1988). Points plotting at the
margin of the globe indicate planar fabric, whereas points towards
the centre have higher dip angles.

The Woodcock diagram (Woodcock and Naylor, 1983), based
on three ordered normalised eigenvalues (S1, S2, S3), was used to
discriminate between linear (cluster), planar (girdle) and isotropic
distributions. In the Woodcock diagram, the C parameter (C =
ln(S1/S3)) expresses the strength of the preferential orientation, and
its significance is evaluated against critical values from simulated
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random samples of different sizes. A perfect isotropic distribution
would plot at the origin, with equal eigenvalues (S1 = S2 = S3 =
1/3). On the other hand, theK parameter (K = ln(S1/S2)

ln(S2/S3) ) expresses
the shape of the distribution, and it ranges from zero (uni-axial
girdles) to infinite (uni-axial clusters).

In a fluvio-lacustrine environment a cluster distribution would
suggest a strong preferential orientation of the sample, such as in the
case of channelised water flows (Petraglia and Potts, 1994), whereas
a girdle distribution a weaker preferential orientation, spread over
a wider range of directions. Overland flows have been interpreted
to produce such a pattern (Organista et al., 2017). On the other
hand, a isotropic distribution would suggest that post-depositional
disturbance by water flows was not strong enough to preferentially
orient the assemblage (Domínguez-Rodrigo et al., 2014b). However,
a variety of taphonomic processes can produce similar patterns. Fab-
ric analysis, although very informative, has low power by itself. In
order to overcome the intrinsic limitations of the fabric analysis, a
multivariate approach to site formation and modification processes
should be employed (Lenoble and Bertran, 2004).

Geostatistics

Geostatistics refer to a body of concepts and methods typically ap-
plied to a limited sample of observations of a continuous variable,
such as environmental variables. Geostatistics thus aim to estimate
the variance and spatial correlation of known observations and pre-
dict, using interpolation methods such as Kriging, unknown values
of the variable at non-observed locations. Moreover, by using direc-
tional variograms, geostatistics enable the identification of spatial
anisotropy (i.e., directional patterns). Since the vast majority of
spatial statistics assume stationarity and isotropy, it is well under-
stood that a misinterpretation of spatial anisotropy may result in
inaccurate spatial modelling and prediction.

Although well known in ecological studies, only a relatively small
number of studies have explicitly applied geostatistics to the study
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of site formation and modification processes, using directional vari-
ograms to investigate the specimens size spatial distributions (Domínguez-
Rodrigo et al., 2014b,c), or to specifically detect spatial anisotropy
of archaeological assemblages (Bevan and Conolly, 2009; Markofsky
and Bevan, 2012).

In order to investigate spatial anisotropy in the distribution of
the TSR fossil assemblage and identify spatial continuity in some
directions more than others, we used directional variograms and
variogram maps. The studied sample includes 797 recorded spec-
imens (isolated or articulated, complete or fragmented bones and
teeth) unearthed from Geo 2a and included in the 34 m2 window of
analysis (Fig. C.4). The same sample was used for the wavelet and
point pattern analyses.

Specifically, plotting the semi-variance between the variable val-
ues of sampled point pairs as a function of distance (spatial lag)
between these pairs, directional variograms are used to model the
spatial variation at multiple scales and different directions. Three
parameters (nugget, range and sill) are estimated from an exper-
imental variogram to fit a theoretical omnidirectional variogram.
The nugget is used to account for spatial variability at very short
distances. The range indicates the maximal distance up to which
there is spatial correlation. At longer distances the semi-variance
levels off forming the sill, indicating independence between pairs of
sample separated by that minimum distance (Dale and Fortin, 2014;
Lloyd and Atkinson, 2004). Thus, we plotted the experimental direc-
tional variogram against the theoretical omnidirectional variogram.
A directional semi-variance lower than the fitted omnidirectional
variogram indicates continuity in the analysed direction. We se-
lected for our analysis the N-S (0°), E-W (90°), NE-SW (45°) and
NW-SE (135°) geographical directions. In addition to the directional
variograms, variogram maps are visual representations of the semi-
variance: the anisotropy is represented by an ellipse, its axes being
proportional to the variation expected in each direction. Thus, the
direction of maximum anisotropy corresponds with the major axis
of the ellipse (Legendre and Legendre, 2012).

151



Paper III

Wavelet analysis

As a second method for the detection of spatial anisotropy at the
assemblage level we used the wavelet analysis. Wavelet analysis,
commonly applied in mathematics for signal processing, has rela-
tively wide application in palaeoclimatology and palaeoecology, but
is seldom used in site formation processes studies (Markofsky and
Bevan, 2012).

Differently from the geostatistic approach to the analysis of spa-
tial anisotropy, which is based on a transformation of point val-
ues into a continuous surface, the wavelet approach does not apply
any transformation, but identifies the elements (points) of a pattern
merely by their location. In this regard, the wavelet analysis does
not suffer from the arbitrary choice of a surface smooth parameter,
as in the case of geostatistics.

For each specific point of the pattern, a wheel of 360 sectors of 1°
is used to measure the average variance in the angles between point
pairs (Rosenberg, 2004). The significance of the wavelet analysis
is evaluated against 199 Monte Carlo simulations of the observed
pattern under the null hypothesis of randomness. The variance
is plotted as a function of angle measurements. Direction is mea-
sured anti-clockwise from East (i.e., 0° is East, 90° is North). When
the distribution of the observed values (dashed line) wanders above
the simulated values (continuous line), the pattern shows significant
anisotropy in that direction.

Point pattern analysis

A spatial point pattern is the outcome of a random spatial point pro-
cess. Any natural phenomenon which results in a spatial point pat-
tern, such as a distribution pattern of fossils, can be viewed as a point
process (Baddeley et al., 2015). Therefore, the analysis of a spatial
point pattern ultimately addresses the nature of the point process
that generated the pattern. Point pattern analysis has been specif-
ically applied to the study of site formation and modification pro-
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cesses by a relatively small number of studies (Domínguez-Rodrigo
et al., 2014b, 2017, 2014c; Giusti and Arzarello, 2016; Giusti et al.,
In press; Lenoble et al., 2008; Organista et al., 2017). However,
this analytical method has never been used to detect anisotropy in
the distribution patterns of archaeological or palaeontological assem-
blages. Nevertheless, detecting anisotropy is an essential part of any
spatial analysis. Standard statistical tools in spatial point pattern
analysis rely on crucial assumptions about the point process itself:
a point process is assumed to be stationary and/or isotropic if its
statistical properties are not affected by shifting and/or rotating the
point process.

In order to further assess the presence of anisotropy in the dis-
tribution pattern of the TSR assemblage, we specifically applied the
point pair distribution function (Or1,r2(Φ); Baddeley et al., 2015).
The function estimates the probability distribution of the directions
of vectors joining pairs of points that lie more than r1 and less
than r2 units apart. With selected different distances r1 and r2, the
function estimates the multiscale variation of anisotropy. Results are
visualised in rose diagrams, where the direction is measured counter-
clockwise from East (0°).

At the supra-element assemblage level, spatial anisotropy is ex-
pected to be detected in a fluvial depositional environment, and
most likely to share the same preferential orientation with tapho-
nomic elements. Characteristic elongated lag deposits are typical
patterns observed in association with water-flows dragging materi-
als in one direction, the same as the main orientation of the elements
(Domínguez-Rodrigo et al., 2012).

C.3.3 Differential preservation

Differential preservation, or taphonomic survival, refers to the pro-
portion of taphonomic elements being preserved after the action of
environmental factors (Fernández-López, 2006). Selective preserva-
tion arises from the differential modification of taphonomic entities,
by interaction of inherent properties of the entities with the exter-
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nal environmental factors. Skeletal part representation is among the
key variables potentially indicative of the selective action of water-
flows (Behrensmeyer, 1975b; Kaufmann et al., 2011; Voorhies, 1969,
among others). Other variables, not considered in this preliminary
study, include breakage patterns, disarticulation patterns and bone
surface modifications.

The pioneering flume experiments by Voorhies (1969) on dis-
articulated, complete sheep and coyote bones resulted in a three-
group classification of fluvial transport susceptibility of skeletal el-
ements, subsequently elaborated by Behrensmeyer (1975b). Since
shape and structural density have been found to influence the trans-
portability of skeletal elements (Behrensmeyer, 1975b; Boaz, 1982),
assemblages subject to moderate to high-energy water-flows typi-
cally show an under-represented number of smaller, less dense bones.
The Voorhies Groups I (rib, vertebra, sacrum, sternum) is the most
easily affected by fluvial transport; thus its presence or absence in the
fossil assemblage informs about the degree of disturbance by water-
flows. In turn, the proportion between the represented Voorhies
Groups provides evidence for the degree of preservation of the assem-
blage (Behrensmeyer, 1975b). We included in the Voorhies groups
only complete, non-articulated macromammal bones (plus rami of
mandibles, and maxillae) of adult individuals - the very few spec-
imens of juvenile individuals, having different hydraulic behaviour,
were excluded. Our grouping criteria followed the classification re-
ported in Lyman (1994, Tab.6.5). Carpals, tarsals and sesamoids
were included in Voorhies Group I/II, as the phalanges; maxillae
in Group II/III, as the mandibular rami. The studied sample in-
cluded 147 specimens of Perissodactyla (n = 59), Artiodactyla (n
= 41), Carnivora (n = 12) and yet indeterminate taxa (n = 35).
The distribution of determinate Voorhies Groups was further cate-
gorised in 5 size classes, following the body mass (BM) classification
of Palombo (2010, 2016), modified for Ursus etruscus after Koufos
et al. (In press). The first group (BM1), not present so far in our
collection, includes mammals whose weight is less than 10 kg; BM2
ranges from 10 to 59 kg (Canis etruscus); BM3 from 60 to 249 kg
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(Ursus etruscus, medium-sized Cervidae); BM4 from 250 to 1000
kg (Equus, Bison, Praemegaceros). We excluded from the Voorhies
Groups specimens attributed to BM5, that includes very large mam-
mals over 1000 kg weight (Rhinocerotidae and Elephantidae). Never-
theless, their skeletal element representation was analysed following
the Fluvial Transport Index (FTI) classification of Frison and Todd
(1986). Undetermined taxa or BM classes (named NA) were also
included in the analysis.

Closely related to the Voorhies Groups, the ratio of complete iso-
lated teeth/vertebrae (T/V) is another indicator of the depositional
environment (Behrensmeyer, 1975b). High-energy fluvial deposits,
such as channel-fills and -lag deposits, tend to have high T/V ratio,
whereas a low T/V ratio characterises low-energy fluvial deposits,
such as that of floodplain deltaic and lacustrine settings (Lyman,
1994).

Complimentary to the hydraulic behaviour of complete, isolated
faunal remains classified in the Voorhies Groups, the skeletal part
representation of fragmented bones provides another indication of
the degree of preservation of the assemblage (Domínguez-Rodrigo
et al., 2017, 2014d; Pante and Blumenschine, 2010). Vertebrae and
ribs, being mostly cancellous, fragile and comparatively low-dense
bones, are more susceptible to fragmentation and transportation,
even in low-energy conditions, with respect to cranial and appen-
dicular elements, which are more dense and likely to survive in lag
assemblages (Domínguez-Rodrigo et al., 2017). In order to integrate
the Voorhies Groups, we analysed a subsample of 400 isolated macro-
mammal specimens, composed of 315 bone and tooth fragments, 78
complete teeth, 1 antler, and 6 appendicular bones of juvenile or
BM5 specimens.

Finally, the distribution of articulated bones was analysed by
anatomical regions. A sub-sample of 50 articulated macromammal
units of 154 bone elements were classified as axial (vertebrae, ribs,
scapulae and pelves) or appendicular (humeri, femura, radii, tibae,
metapodials, carpals/tarsals and phalanges) units.
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C.3.4 Reproducible research

The subset of the raw data collected for this study, necessary to re-
produce the reported results, is licensed, except where otherwise
specified, under the CC-BY license and publicly available on an
open-access repository The repository includes in addition metadata
description and the code used to process and reduce the dataset.
The analyses were performed in R: a language and environment for
statistical computing (R Core Team, 2017); except for the wavelet
analysis, performed using the PASSaGE software, version 2 (Rosen-
berg and Anderson, 2011). The commented R code needed to repro-
duce the reported analyses is released under the MIT license in the
same repository. We provide as well a detailed description of the
procedure used in PASSaGE.

C.4 Results

C.4.1 Anisotropy of basic taphonomic elements

Circular statistics were applied for the fabric analysis of basic tapho-
nomic elements, i.e., isolated, not articulated elongated complete
bone specimens or bone fragments. Tab. C.1 summarises the results
of the circular uniformity tests. The Rayleigh test, which assumes
a unimodal distribution, confirmed (p − value = 0.001) the signifi-
cance of the sample mean resultant length (R̄ = 0.165). The value
of R̄ close to 0 indicates that the data are evenly spread around
the mean direction (θ̄ = 148ř, SE), with relatively high standard
deviation (σ̂ = 1.89) and angular variance (V = 48ř). On the other
hand, the Schmidt and rose diagrams (Fig. C.5a) showed a mul-
timodal distribution, mostly concentrated in the SE quadrant and
with secondary peaks to the N and SW. Accordingly, the Kuiper,
Watson and Rao omnibus tests, all rejected the null hypothesis of
uniformity at the 99% confidence level, thus suggesting a significant
anisotropic multimodal distribution of the fossil sample. Moreover,
the Schmidt diagram (Fig. C.5a) showed a planar fabric of the sam-
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Table C.1: Values and p − values of circular uniformity test statistics.

Rayleigh Kuiper Watson Rao
Sample n mean dir. R̄ p Vn p U2 p U p
249 148° 0.165 0.001 2.3791 <0.01 0.3957 <0.01 186.5181 <0.001
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Figure C.5: Rose and equal area Schimdt diagrams (a). Woodcock
diagram (b).

ple distribution, with points plotting predominantly on the edge of
the equal area hemisphere, thus indicating 0-to-low degree of dip
(mean plunge=12°; variance=1.5°).

In the Woodcock diagram (Fig. C.5b), the C value (1.89) is
higher than the critical S1/S3 test value (1.44) for N=300 at 99%
confidence level. Thus, the data sample significantly rejects the hy-
pothesis of randomness in favour of a strong organised sample. The
K value (0.11) plots the data sample close to K = 0, indicating
uniaxial girdles (planar fabric).
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C.4.2 Anisotropy of the taphonomic population

Geostatistics (directional variograms and variogram map), wavelet
and point pattern analyses were used for detecting anisotropy at the
assemblage level. Fig. C.6a shows the kernel smooth density esti-
mation (σ = 0.17) of the sample distribution in the study area. A
preliminary visual examination suggests a NW-SE oriented cluster-
ing of the assemblage, although interfered with secondary NE-SW
oriented dispersion. Fig. C.6b shows the variograms in the four
main geographical directions (N-S, E-W, NE-SW, NW-SE), plotted
against the omnidirectional fitted variogram. As a rule of thumb,
in order to determine the spatial structure of the sampled data,
only the first two-thirds of the variogram are interpreted (Dale and
Fortin, 2014). The omnidirectional variogram (red line) indicates
that at short distance lags, the semi-variances are close to zero,
indicating very strong spatial structure (correlation). With longest
distance lags, the semi-variance rise to a plateau (sill) of lack of spa-
tial correlation. The semi-variance of the NW-SE (135°) direction
is lower than in the omnidirectional variogram, starting well before
the sill, thus indicating continuity (spatial correlation) in that di-
rection. Minor directional trends are also detected in the N-S (0°),
and to a lesser extent in the NE-SW (45°) directions. This result
is clearly confirmed by the diagonal striping in the variogram map
(Fig. C.6c). The map shows a major ellipse oriented NW-SE, with
minor parallel structures.

As for the wavelet analysis, Fig. C.7 plots the variance as func-
tion of the direction, ranging anti-clockwise from 0° (E) to 180° (W).
A major peak is evident at 135° (NW), wandering way above the
expected values for a random (isotropic) pattern. A secondary sig-
nificant peaks, although of much less intensity, is present at 85° (N).
In accordance with the directional variograms, the wavelet analysis
indicates a significant anisotropy in the NW-SE direction. More-
over, it suggests minor occurrence of points (specimens) in the N-S
direction, as also indicated by the geostatistics analysis. However, in
contrast with the directional variograms, the angular wavelet graph
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Figure C.6: Kernel smoothed intensity function of the fossil assemblage
(a). Directional variograms (4 clockwise directions from N-S, 0°) shown
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(W). Peaks of variance (continuous line) indicate the direction of max-
imum anisotropy. Dashed line marks the Monte Carlo simulated null
hypothesis of isotropy.

does not support significant preferential orientation in the NE range
(angles between 0° and 90°).

Fig. C.8 shows the results of our point pattern analysis and
specifically the point pair distribution function Or1,r2(Φ) for a range
of distances r1 = 0.01 m and 0.25 < r2 < 1.5 m. The plot illustrates
the multiscale variation of anisotropy, from a uniform, isotropic pat-
tern (for r2 = 0.25 m), to increased anisotropy in the NW-SE di-
rection. The maximum anisotropy is observed for r2 = 1 m, as
elements at a maximum distance of 1 m show the strongest direc-
tional pattern. With increased distances of r2 > 1 m, the rose
diagrams suggest the addition of a second orthogonal NE-SW direc-
tional trend, which reflects the parallel alternation of NW-SE bands
in the assemblage distribution.

C.4.3 Differential preservation

Fig. C.9a shows the distribution at the family level of the whole
sampled material. Determined taxa included Perissodactyla, Artio-
dactyla, Carnivora and Proboscidea, together with a number of un-
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determined bone fragments (44%). The histogram shows the promi-
nent presence of Equidae over other taxa (27%), followed by Bovidae
(11%) and Cervidae (5%). However, it is worth noting the presence
of very large mammals (body mass class BM5), such as Elephanti-
dae and the rhinocerotid Stephanorhinus sp., and to a less extent,
of carnivores, such as the Canis etruscus and Ursus etruscus.

The distribution of the Voorhies Groups plotted by body mass
classes is shown in Fig. C.9b. BM1 is so far not present in the TSR
assemblage, while BM2 includes the C. etruscus, BM3 includes the
medium-sized Cervidae and Ursus etruscus, BM4 the medium- and
large-sized Equus sp., Bison sp. and the large-sized cervid Prae-
megaceros sp. Notably, the Voorhies Group III is represented in
Fig. C.9b only by the crania of the carnivores Canis and Ursus.
Moreover, the fossil record of U. etruscus included maxilla fragments
(Voorhies Group II/III), isolated teeth, 2 articulated vertebrae and
an ulna fragment. Specimens from the BM4 grouped mostly in
II/III, II, I/II and showed lack of Voorhies Group I and III. On
the other hand, the bulk of undetermined BM specimens plotted in
Voorhies Group I/II, with some occurrence in Group I, II, and to a
less extent in Group II/III.

Fig. C.9c shows the side-by-side distribution of complete and
fragmented isolated macromammal skeletal elements. Firstly, the
skeletal element distribution of complete specimens suggests a very
high teeth/vertebra ratio (7.8). The ratio (3) is lower, but still rela-
tively high when considering isolated, fragmented specimens. Limb
bone and undetermined fragments represent the majority of the frag-
mented, isolated specimens, as compared to axial skeletal parts.

Accordingly, the prominent presence of appendicular skeletal el-
ements over axial is also showed in the distribution of articulated
specimens (Fig. C.9d), which account for 22% of the sampled assem-
blage. Articulated lower limb elements (metapodes, carpals/tarsals,
phalanges) represent the majority of bones, often articulated to frag-
mented upper elements (radii, tibiae, humeri, femora). Interest-
ingly, some of the latter elements bear carnivore gnawing marks
(Fig. C.2e).
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C.5 Discussion

Spatial taphonomy recently emerged as new methodological frame-
work complement to the traditional taphonomic approach (Domínguez-
Rodrigo et al., 2017; Giusti and Arzarello, 2016; Giusti et al., In
press). By using spatial statistical methods, spatial taphonomy aims
to investigate the multiscale and multilevel spatial properties of dif-
ferent taphonomic entities (sensu Fernández-López, 2006). Indeed,
taphonomic alteration processes work simultaneously, at different
scales, on entities of different level of organisation, from the basic
taphonomic elements (bone specimens), to higher level taphonomic
groups (taphons) or populations (assemblages). For example, disper-
sion processes of taphonomic elements may modify their spatial loca-
tion, orientation and removal degree. At the same time, dispersion of
taphonomic elements may also cause changes in the density, spatial
distribution and representatives of elements of each taphon or ta-
phonic population (Fernández-López, 2006). Thus, beside the tradi-
tional taphonomic approach, the results of spatial taphonomy are of
great importance for investigating the natural or cultural processes
of dispersal and accumulation of faunal or cultural remains, in turn
with consequences for palaeoecological reconstructions, biochrono-
logical estimates and past human behavioural inferences.

In this regard, this study offers an initial contribution to the
development of a so far non-existent referential framework for the
spatial taphonomic interpretation of palaeontological or archaeo-
logical assemblages (Domínguez-Rodrigo et al., 2017). Indeed, the
taphonomic study of non-human related bone assemblages has great
importance for archaeological research as well. As an example,
water-flow processes are recognised to be among the most impor-
tant natural processes in the formation and modification of a sig-
nificant percentage of the vertebrate fossil and archaeological sites
alike (Behrensmeyer, 1975a, 1982, 1988; Coard, 1999; Coard and
Dennell, 1995; Petraglia and Nash, 1987; Petraglia and Potts, 1994;
Schiffer, 1987; Voorhies, 1969, among others). Under the effect of
water-flows, assemblages may adopt a variety of forms, ranging from
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(peri)autochthonous rearranged assemblages and biased lag assem-
blages to transported, allochthonous assemblages (Behrensmeyer,
1988; Domínguez-Rodrigo and García-Pérez, 2013). One fundamen-
tal assumption behind reliable inferences on past human behaviour
is the pristine preservation of the depositional context. Therefore, it
is essential, in order to fully comprehend the archaeological record,
to test within a referential framework alternative taphonomic hy-
potheses.

In this study, taphonomic dispersion and accumulation processes
were analysed focusing on a specific aspect - anisotropy - of the
spatial properties of taphonomic entities. A multilevel analysis of
anisotropy was conducted at the level of basic taphonomic elements
and at the assemblage level. Anisotropy, defined as the preferential
orientation of skeletal elements, constitutes a fundamental part of
any taphonomic study (Aramendi et al., 2017; Benito-Calvo and de
la Torre, 2011; Cobo-Sánchez et al., 2014; de la Torre and Benito-
Calvo, 2013; Domínguez-Rodrigo et al., 2014b, 2012, 2014d; Fiorillo,
1991; Nash and Petraglia, 1987; Organista et al., 2017; Petraglia
and Nash, 1987; Petraglia and Potts, 1994; Schick, 1987; Toots,
1965; Voorhies, 1969, among others). However, spatial anisotropy
at supra-element level of taphons or assemblages is an often ne-
glected taphonomic criterion that should be reconsidered, especially
in spatial taphonomic analyses of fluvial dispersion and accumula-
tion processes. Moreover, it must be considered that standard spa-
tial statistics rely on crucial assumptions about the isotropy of the
spatial processes responsible for the observed spatial pattern (Bad-
deley et al., 2015).

We investigated the multilevel spatial anisotropy and selective
composition of the fossiliferous deposit of Tsiotra Vryssi, from the
fluvial Gerakarou Formation of the Mygdonia Basin, Greece. Spe-
cific research questions regarded the character and number of de-
positional processes and the degree of re-elaboration of the fossil
record. Specific aspects of our results are discussed below.
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C.5.1 Recursive anisotropy

Recursive anisotropy emerged at the level of basic taphonomic el-
ements and at the assemblage level. Fabric analysis, geostatistics,
wavelet and point pattern analyses all pointed to a preferential NW-
SE orientation of the assemblage and the sub-sample of elongated
bone specimens.

Fabric analysis, or the analysis of the orientation (plunge and
bearing) of elongated elements, can provide valuable insight into
taphonomic processes, allowing discrimination between different ori-
entation patterns (isotropic, linear or planar). We analysed a sub-
sample of not articulated, clearly elongated bone specimens, mostly
limb bone fragments. Articulated units were excluded from the fab-
ric analysis since experimental studies by Coard and Dennell (1995)
and Coard (1999) reported that articulated units with a higher num-
ber of elements, such as complete limbs, may show weak prefer-
ential orientation when not aligned, as they often occur at TSR
(Fig. C.2c,d,e). Otherwise, the authors concluded that articulated
bones showed a greater than expected hydraulic transport potential.
Thus, their conspicuous presence in the TSR fossil record (about
22%) would not necessarily suggest an autochthonous deposit.

The results of the circular uniformity test statistics (Tab. C.1)
agreed upon rejecting the null hypothesis of uniformity, suggest-
ing a significant anisotropic distribution of the fossil sample. The
Schimdt and Woodcock diagrams in Fig. C.5 indicated planar fab-
ric (0-to-low degree of dip) and a girdle pattern, with preferential
orientation towards the SE. In girdle distribution elements orient
over a wider sector of angles than cluster distributions, yet showing
higher anisotropy than random distributions. Whereas cluster, lin-
ear patterns are associated with channelised water-flows (Petraglia
and Potts, 1994), girdle, planar patterns have been interpreted as
products of overland flows (runoff; Organista et al., 2017). The pref-
erential orientation of the sampled elongated bones suggests that the
TSR fossil deposit most likely underwent relatively high-energy, but
non-channelised NW-SE water-flows. Is is also worth noting that
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characteristic channel features where not identified in the excava-
tion area. However, anisotropy does not itself discriminate between
allochthonous and autochthonous deposits. Autochthonous lag as-
semblages undergoing minimal re-sedimentation could also exhibit
significant anisotropic spatial patterns (Domínguez-Rodrigo et al.,
2014a, 2012, 2017, 2014c). Since a wide range of different tapho-
nomic processes can produce similar patterns, an unequivocal dis-
crimination based only on fabric observations is seldom possible,
and other taphonomic criteria should be considered (Lenoble and
Bertran, 2004).

Geostatistics, wavelet and point pattern analyses were applied in
order to detect anisotropy of the TSR fossil assemblage. All these
different methods agreed on identifying a preferentially NW-SE ori-
ented distribution. Four directional variograms and a variogram
map (Fig. C.6b,c) were calculated from a kernel density estimation
of the assemblage spatial distribution (Fig. C.6a). Small, dense clus-
ters of fossils, although occurring at different elevations in the 1m-
thick vertical distribution (Fig. C.4a), concatenate along a prevailing
NW-SE direction, in a series of 3 recognisable bands with less dense
areas between them. Secondary minor directions (N-S and NE-SW)
were identified in the directional variograms (Fig. C.6b). In the
same manner, the wavelet graph (Fig. C.7) and the rose diagrams
(Fig. C.8) also detected a strong preferential NW-SE directional dis-
tribution. Similar elongated lag deposits are typically associated
with water-flows dragging material in one direction (Domínguez-
Rodrigo et al., 2012).

These observations are in agreement with AMS results, in that
the mean K1 axis (maximum axis of anisotropy) is oriented along a
NW-SE direction (Fig. XC) suggesting likewise local paleoflow.

Thus, the observed recursive multilevel anisotropy patterns most
probably points to the action of NW-SE oriented water-flows, at the
specific location of the TSR site. However, both analyses of isotropy
at element level (fabric analysis) and assemblage level (geostatistics,
wavelet and point pattern analyses) suggested some degree of noise
in the prevalent NW-SE distributions toward other directions, espe-
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cially to the orthogonal NE-SW direction. Whereas long bones can
roll orthogonally to the main direction of the flow (Voorhies, 1969),
noise in the main directional trend at assemblage level may indi-
cate multiple depositional processes, or secondary reworking post-
depositional processes. Moreover, the relatively high average density
of preserved elements (24/m2) occur in small, well defined clusters
(Figs. C.2f,e, C.4 and C.6a). Such spatial aggregation of taphonomic
elements may be the result of a combination or the sum of different
taphonomic processes (Fernández-López et al., 2002). On the other
hand, the formation of gaps in the spatial distribution and clusters
of elements in correspondence with topographic depression may as
well be associated with lag deposits (Petraglia and Potts, 1994).

C.5.2 Differential preservation

According to the evolutionary and systemic theory of taphonomy,
taphonomic alteration is not only conceived as a destructive process,
but it also has positive effects with the preservation and creation of
new taphonomic groups. In this sense, the differential destruction
(or taphonomic sieve) of taphonomic entities is just a particular
case of taphonomic alteration, as it is the differential modification
that gives rise to selective preservation (Fernández-López, 2006).
Intrinsic and extrinsic taphonomic factors determine the differential
preservation of taphonomic entities. In this study we integrated
our spatial taphonomic approach with a preliminary study of the
differential preservation of fossil elements.

In the BM4 class of mammals, the relatively high abundance
of skeletal elements belonging to the Voorhies Groups I/II, II and
II/III (Fig. C.9b) suggests minor winnowing of the assemblage, with
preservation of the densest elements that are above the threshold of
transportability (Behrensmeyer, 1988). Indeed, skeletal elements in
the Voorhies Group I (ribs, vertebrae, sacrum, sternum) tend to be
transported more easily by saltation or flotation in relatively low-
energy currents (Voorhies, 1969). The under-representation of the
Voorhies Group III (crania and complete mandibles) in the BM4
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class is balanced by the high occurrence of cranial elements in the
Group II/III (rami of mandibles and maxilla fragments). Thus, the
distribution in Fig. C.9b suggests, more than the taphonomic sieve
of the Voorhies Group III, a higher fragmentation rate of cranial ele-
ments in the BM4 class of mammals (Equus, Bison, Praemegaceros).
On the other hand, the Voorhies Group III is better represented in
the BM classes 2 and 3, which include smaller mammals, i.e., C. etr-
uscus, U. etruscus and medium-sized cervids. The presence of better
preserved carnivore cranial elements, as well as the presence of a par-
tial articulated skeleton of a wolf-sized carnivore, would suggest an
autochthonous or para-autochthonous assemblage (Behrensmeyer,
1988).

Although excluded from the Voorhies Group analysis, it is worth
noting the presence of several skeletal elements of Elephantidae (a
complete scapula, a complete radius/fibula, a limb bone fragment
and several articulated carpals) with different FTI values, compara-
ble to elements of the Voorhies Group II and III (Frison and Todd,
1986). Their distribution suggests that the assemblage was win-
nowed of the elements with highest FTI, which are comparable to
elements of the Voorhies Group I. This is also the case for the other
excluded megaherbivore, the rhinocerotid Stephanorhinus, which is
represented by several teeth and limb bones.

Overall, the very high teeth/vertebra ratio (7.8) also supports
the hypothesis of a lag, winnowed assemblage. Moreover, the ac-
tual presence of a high number of limb and undetermined bone
fragments, together with complete appendicular and axial elements
(Fig. C.9c) supports also some degree of sorting (taphonomic sieve)
of the smallest, cancellous fragments. Segregation of axial elements
from epiphyses and shafts has been observed even in low-energy flu-
vial environments (Domínguez-Rodrigo et al., 2017).

On the other hand, as noted earlier, the conspicuous presence of
articulated specimens in the TSR fossil assemblage does not neces-
sarily suggest an autochthonous deposition, since articulated bones
may as well show a great hydraulic transport potential (Coard, 1999;
Coard and Dennell, 1995). Nevertheless, it is worth noting that the
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distribution of articulated units in TSR shows a significant pres-
ence of appendicular elements over axial ones (Fig. C.9d). Thus,
the under-representation of articulated axial elements also indicates
a winnowed, lag assemblage formed by the densest and most re-
silient elements, with sieve and transport of part of the lighter and
more cancellous elements. However, carnivore ravaging alike tends
to eliminate or at least lead to underrepresentation of those skeletal
elements (the less dense, axial elements) in the transport group most
prone to be transported by water (Domínguez-Rodrigo et al., 2012;
Voorhies, 1969). Interestingly, a preliminary analysis of the bone
breakage patterns suggests that carnivores had some active role in
the modification and possibly in the accumulation of bones at TSR
(Fig. C.2e; Konidaris et al., 2015).

In conclusion, considering the results of our spatial taphonomic
analysis, processes of taphonomic dispersion, such as fluvial accumu-
lation processes, would have likely separated and disseminated the
most cancellous taphonomic elements, favouring the persistence of
Carnivores could have likely been active accumulation agents. The
recursive anisotropic spatial patterns, at the level of taphonomic el-
ements and at the assemblage level, as well as the clustering pattern
in relatively small, dense, aggregations of elements aligned in parallel
NW-SE oriented bands, suggest that the TSR deposit resulted from
multiple taphonomic dispersion events, with winnowing of less dense,
lighter elements and spatial anisotropic re-arrangement of a lag, au-
tochthonous assemblage accumulated over the migrating banks of a
NW-SE oriented fluvial system. As suggested by Organista et al.
(2017), it is likely for secondary overbank flows to aggregate bones
dispersed over the bank surface into topographic depressions, where
they accumulate and acquire greater stability.

Noteworthy, both Geo 1 and Geo 2 show fining upward trends
and facies sequences similar to those typical of braided rivers (Miall,
1977). In such a sequence, the lower coarser-grained part would rep-
resent one or more sets of sinuous-crested medium-scale bedforms
(i.e. small dunes) forming by bedload traction in the deeper reaches
of channels, whereas the upper muddy part is dominantly deposited

170



Conclusions

by decantation either on top of in-channel or bank-attached emerg-
ing bars or in floodplains, occasionally provided with coarse material
at high-water stages (Miall, 1982). Therefore, the excavated section
can be viewed as the product of cyclical lateral switching of a braided
fluvial system.

C.6 Conclusions

Spatial taphonomy is the systemic, multiscale and multilevel study
of the spatial properties of taphonomic processes. Indeed, tapho-
nomic alteration processes work simultaneously, at different scales,
on entities of different levels of organisation, from the basic tapho-
nomic elements (bone specimens), to higher level taphonomic groups
(taphons) or populations (assemblages). In this study we elabo-
rated on a specific aspect - anisotropy - of the spatial properties of
taphonomic processes, investigating an often neglected aspect of the
spatial distribution of taphonomic populations.

A multilevel analysis of anisotropy was conducted for the Early
Pleistocene fossiliferous locality Tsiotra Vryssi, from the fluvial Ger-
akarou Formation of the Mygdonia Basin, Greece. Differential preser-
vation of skeletal elements was also analysed in order to unravel the
character and number of depositional processes and the degree of re-
elaboration of the TSR fossil record. The results of the analyses sug-
gested repeated taphonomic dispersion processes, with winnowing of
less dense, lighter elements and spatial anisotropic re-arrangement
of a lag, autochthonous assemblage possibly accumulated over the
migrating banks of a NW-SE oriented fluvial system.

We believe that this study contributes towards the development
of a referential framework for the spatial taphonomic interpretation
of other palaeontological, as well as archaeological, localities.
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