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A B S T R A C T

Carnivore bone modification has been one of the targets of taphonomic research during the last decades.
Discerning carnivore involvement in the archaeo-paleontological record during the Plio-Pleistocene is especially
important due to the capability of several carnivores of creating bone assemblages, to the interaction with other
species in the modification of bones across the landscape and to the potential interspecific competition (e.g.,
with other carnivores or hominins). Several variables have been explored to discern the carnivore taxa involved
in bone modification, but most of them led to equifinality. Recently, the application of computer vision and
geometric morphometric techniques for the reconstruction of tooth mark morphology has provided satisfactory
results in terms of differentiating among carnivore taxa with similar body size. Here we apply this new technique
to the study of pits from the Olduvai Carnivore site (OCS), which has been interpreted as the first bone as-
semblage generated by lions and subsequently ravaged by hyenas. Results support the lions' involvement and
post-ravaging action of hyenas in the OCS assemblage. Lastly, we also explore the potential of applying these
new techniques to other bone assemblages in which different carnivore taxa were involved in their modification.

1. Introduction

Hominin-carnivore interactions are a key issue accounted for by
taphonomists to better understand the evolution of human behavior.
During the Plio-Pleistocene, carnivores have preyed on hominins, have
produced bone accumulations or have scavenged remains from ar-
chaeological sites (e.g., Brain, 1981; Binford, 1981; Blumenschine,
1986, 1988; Marean, 1991; Marean and Spencer, 1991). Several ap-
proaches have been developed to accurately recognize the degree of
carnivore involvement in bone modification of the archaeo-paleonto-
logical record.

During the earlier stages of neo-taphonomic carnivore research,
bone assemblages from carnivore dens created by several species of the
savannah ecosystem were described: spotted hyena (Crocuta crocuta)
(Sutcliffe, 1970; Bearder, 1977; Henschel et al., 1979), striped hyena
(Hyena hyena) (Kruuk, 1976; Skinner et al., 1980), brown hyena

(Parahyena brunnea) (Skinner, 1976; Mills and Mills, 1977; Owens and
Owens, 1978) and leopards (Panthera pardus) (Brain, 1981; Kerbis-
Peterhans, 1990; Ruiter and Berger, 2000). The taphonomic char-
acteristics of these assemblages were described in order to identify if
any archaeofaunal assemblage had been accumulated by any of these
carnivores. Some classical taphonomic features rely on tooth mark
frequencies, skeletal part representation, the age class selection or bone
breakage patterns (e.g., Brain, 1981; Binford, 1981; Bunn, 1982;
Blumenschine, 1986, 1988). For instance, Cruz-Uribe (1991) suggested
six criteria for distinguishing bone assemblages accumulated by hyenas
from those accumulated by humans: carnivore-ungulate ratio, tooth
frequency, bone breakage, cranial-postcranial ratio, representation of
small bones and age classes. Further research conducted by Pickering
(2002) showed that only three of these criteria were valid to accurately
differentiate bone accumulations produced by hyenas and humans.
Carnivores show a great variability as taphonomic agents (e.g., Lam,
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1992; Egeland et al., 2008; Prendergast and Domínguez-Rodrigo,
2008). Some of their characteristics are constrained by ecological
variables (Arriaza et al., 2015). In addition to this, new species have
been described as potential accumulating agents, such as nomadic lions
as documented in the modern Olduvai Carnivore Site (OCS) (Arriaza
et al., 2016). OCS contains a minimum of 55 blue wildebeests (Con-
nochaetes taurinus). The study of the skeletal part representation, the
low breakage of long bones (higher frequency of Bunn's (1982) cir-
cumference type 3 and only 37 notches were documented), the low
frequency of tooth marks (only 7% of the sample shows some kind of
carnivore damage, including furrowing) and their distribution on long
bones, and the modification pattern of the axial skeleton (only 20.7% of
these elements show carnivore damage and focused mainly on the
apophyses), suggest that a felid was the most likely accumulating agent
at OCS. The accumulation rate (426 estimated specimens per year),
body mass of the prey (bovid size 3), the specialized-pattern of only one
ungulate species, and the topography and environment of the site
suggest that the primary accumulating agent was a nomadic lion
(Arriaza et al., 2016). Moreover, the low frequency of axial elements,
the tooth pit size ranges, the furrowing patterns and the taphotypes
documented indicate that the spotted hyena scavenged a substantial
part of the bones. Thus, both the lion and the spotted hyaena modified
the OCS bone assemblage (Arriaza et al., 2016, 2017). The OCS con-
stitutes the first specialized bone assemblage interpreted as an accu-
mulation performed by a felid that is larger than a leopard. This con-
stitutes a new referential framework for the study of the accumulation
of carcasses during the Plio-Pleistocene that should be particularly
considered, when the bone assemblage is dominated by medium-sized
ungulates and the taxonomic representation shows a specialized profile.

Some studies have focused on the scavenging process conducted by
carnivores on bone assemblages primarily consumed by humans (e.g.,
Brain, 1967, 1969; Blumenschine, 1988; Binford et al., 1988). These
experiments on carnivore ravaging bone remains discarded by humans
are divided into etnoarchaeological studies, carnivore kills and tapho-
nomic modelling of human butchery (e.g., Brain, 1969; Blumenschine,
1988; Binford et al., 1988; Domínguez-Rodrigo, 1999; Cleghorn and
Marean, 2007). One of the most widely cited study is the seminal ex-
periment carried out by Blumenschine (1988) in the Serengeti National
Park using bovid limb bones. A comparison of bone assemblages in-
tensively exploited to obtain marrow by hammerstone breakage only
(HO), and hammerstone generated assemblages subsequently sca-
venged by spotted hyenas (HeC) was carried out (Blumenschine,
1988). Hammerstone generated assemblages secondarily scavenged by
spotted hyaenas (HeC) were different from those created by hammer-
stone breakage only (HO), or by spotted hyaenas only (CO)
(Blumenschine, 1988). Most of the earliest carnivore neotaphonomic
research, as the experiments aforementioned, was conducted to address
the hunting-scavenging debate among early Pleistocene hominins. The
coexistence of cut marks, percussion marks along with tooth marks on
bone remains from the FLK Zinj (Olduvai, Tanzania) led to opposite
hypotheses about early hominin behaviour (e.g., Leakey, 1971; Binford,
1981; Bunn, 1982, Bunn and Kroll, 1986; Potts, 1988; Blumenschine,
1986, 1988; Domínguez-Rodrigo et al., 2007a, 2014). For the con-
struction and discussion of these hypotheses, several neotaphonomic
models were explored. For instance, Selvaggio (1994) developed a
carnivore-hominin-carnivore model with several carnivore species.
Recently, Pante et al. (2012) extended the model including vultures as
the first bone modifier (vulture-hominin-carnivore), following previous
experimental work by Domínguez-Solera and Domínguez-Rodrigo
(2011). Subsequently, felid-hominin (FeH), felid-hominin-hyenid
(FeHeH) or hominin-carnivores (HeC) were revisited to be compared
with the vulture-hominin-carnivore model and the FLK Zinj assemblage
(Domínguez-Rodrigo et al., 2014).

Despite all this effort, further neotaphonomic research on bone
surface modifications (BSM) is needed because the experiments and the
variables frequently show some biases produced by experimental

sample sizes, the equifinality of some variables, or the challenge of
taphonomically studying multi-agent scenarios (e.g., Delaney-Rivera
et al., 2009; Domínguez-Rodrigo and Pickering, 2010). New techniques
have been applied in neotaphonomy to solve some of these short-
comings, including geometric morphometric and micro-photogram-
metric methods. Such techniques have been used for the analysis of cut
marks (Maté-González et al., 2015, 2016) and tooth marks (scores),
obtaining promising results when differentiating scores produced by
different carnivores (Yravedra et al., 2017). This new technique has
been applied to the score sample of the OCS to reinforce the “lion-made
bone assemblage” interpretation. Results showed that the OCS scores
fell in the 95% confidence ellipse corresponding to lions, being 68% of
the marks directly associated with the lion ellipse. The 32% remaining
scores were grouped differently: 24% appeared associated with hyena
scores and 8% lied outside the range of variability described by both
carnivores (Arriaza et al., 2017). Thus, this analysis further supported
the “lion-made bone assemblage” interpretation of the OCS. Likewise,
the analysis of the score morphology also highlighted the hyena in-
volvement in bone modification as a secondary agent (Arriaza et al.,
2017).

Recently, the 3D morphometric technique has been applied to pit
morphology to assess the feasibility of the method to distinguish be-
tween carnivore species based on the study of this type of tooth mark.
Results showed that hyena and lion pit morphology can be statistically
differentiated (Aramendi et al., 2017a). Given the importance of the
new taphonomic framework (lions as bone accumulators), further
analysis needs to be conducted to endorse the hypothesis of the in-
volvement of the lion and the spotted hyena in the OCS bone assem-
blage.

The aim of this paper is the study of the OCS pit morphology
through the use 3D virtual models and geometric morphometric tech-
niques. The results obtained here alongside the previous study on score
morphology (Arriaza et al., 2017) might shed light upon the involve-
ment of the lion and the spotted hyena in the OCS bone assemblage. The
use of this novel technique for the study of carnivore multi-agent sce-
narios and the implications for early archaeological sites is also ex-
plored.

2. Material and methods

2.1. Material

Traditionally, the access order on the consumption process of car-
casses by the different kind of carnivores (felids, hyenids, canids) has
been tested based on the frequency and the distribution of tooth marks
on long bones. The focus on long bones is due to the fact that carnivore
taphonomy has been developed primarily on these elements to test
hominin-carnivore potential interactions in the formation of prehistoric
bone assemblages, which are dominated by these elements (e.g.,
Blumenschine, 1988; Gidna et al., 2014). For this reason, 19 OCS long
bones bearing tooth marks were selected for the present study aiming at
differentiating tooth marks inflicted by lions and hyenas, and the access
order of both agents. The sample includes 1 femur, 5 humeri, 6 tibiae, 3
radii and 4 metacarpals. For this study, we have only analysed tooth
pits, since previous experimental analyses have demonstrated that these
tooth marks yielded successful results when differentiating carnivore
types (Aramendi et al., 2017a) and the score morphology of the OCS has
already been analysed (Arriaza et al., 2017). A total of 28 pits located
on shafts were selected on the basis of their optimal preservation. We
excluded the rest of pits located on the shaft of long bones: those pits
that had bad cortical preservation or some type of alteration, such as
the appearance of biochemical modifications or exfoliation. Neither
superficial nor inconspicuous tooth marks that provided a bad resolu-
tion when photographed stereographically have been selected for the
study. Thus, we selected all the pits located on shafts which showed
good preservation. Our comparative sample consists of 45 tooth pits on
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adult horse long bones generated by spotted hyenas (N 21) and lions (N
24) in a controlled setting, the Cabárceno Nature Park in Cantabria
(Northern Spain). The ichnological sample from this experimental
sample was derived from experiments conducted with lions, wild dogs
and hyenas. For further detail on bone samples used in this work see
Gidna et al. (2013), Domínguez-Rodrigo et al. (2015) and Aramendi
et al. (2017a).

2.2. Structured light scanner

Tooth marks were digitized with a DAVID structured-light scanner
SLS-2 (Table 1) which was improved with a macro lens that gets better
optical resolutions. This equipment is located at the C.A.I. of Ar-
chaeometry at the Complutense University (Madrid). The equipment
consists of a camera, a projector, and a calibration marker board, which
in the first phase, needs to be calibrated. The position and the cali-
bration process were carried out following the criteria summarized in
Maté-González et al. (2017). This equipment successfully reproduced
most of the tooth pits identified on our experimental samples (Fig. 1).
Inconspicuous marks whose main morphological exterior and interior
features could not be appreciated were excluded.

2.3. Geometric morphometrics analysis

Geometric morphometric analyses use information captured in the
form of homologous landmarks that describe each specimen in-
dependently. For this analysis, pits were described using 17 3D
homologous and reliable points that map the exterior and interior
surface of the pits as specified in Aramendi et al. (2017a) (Fig. 1). The
landmarking step was performed in Avizo (Visualisation Sciences
Group, USA). Landmarks contain shape and size information in the
form of Cartesian coordinates, allowing the comparison of the speci-
mens under study (O'Higgins and Johnson, 1988; Bookstein, 1991; Hall,
2003; Klingenberg, 2008). The technique requires the normalization of
the data by superimposition procedures (Procrustes superimposition)
that involve the translation, rotation and scaling of shapes defined by

landmark configurations. After the generalized procrustes analysis
(GPA), there are always some remaining differences that expose pat-
terns of variation and covariation between structures that after being
projected into a flat Euclidian space can be analysed by means of
common multivariate statistics (Richtsmeier et al., 2002; Slice, 2001;
Rohlf, 1999).

Geometric morphometric studies also necessitate techniques for
dimension reduction since the number of variables tends to be much
higher than the number of cases. A commonly used method for sim-
plification that also assesses patterns of variation among the data is
principal component analysis (PCA). PCAs were performed in shape and
form space to estimate similarities and differences of the OCS, hyena
and lions sample on a bidimensional Euclidean space. Form spaces
containing size and shape information were obtained by re-scaling data
using the natural logarithm of Centroid Size. PCAs were performed in
Morphologika 2.5 (O'Higgins and Jones, 1998). 3D scatter plots of the
PCAs were performed in the free software R (www.rproject.org, Core-
Team, 2015) using the pca3d library. Differences in shape and form
were visualized with the aid of transformation grids (Bookstein, 1989),
computing the extreme changes on the first three PC scores.

Differences between groups were statistically tested to classify the
OCS sample. First, multiple variance analyses (MANOVA) on the PC
scores were performed in R (www.rproject.org, Core-Team, 2015) to
assess the separation between groups based on their means. Ad-
ditionally, linear discriminant analyses (LDA) on the shape and form
data were performed to determine differences and similarities among
groups. LDA provides differences among a priori established groups by
calculating confusion matrices. In this case three groups were defined:
hyenas, lions and OCS. The jack-knife crossvalidated LDA function in-
cluded in the MASS R package was used.

3. Results

The PCAs of the carnivore sample pits and the OCS pits in shape
(Fig. 2) and form space (Fig. 3) show a non-polarized morphospace,
defined by a high number of PCs. In shape space, the first two PCs
explain only 40.6% of the total variance (PC1=22.9%, PC2= 17.7%),
while the variance expressed in the scatter-plot in form space is mainly
explained by PC1 (85.2%) and PC2 (3.4%).

In the shape space scatter-plot (Fig. 2), the first PC (22.9%) appears
to be related to changes in the interior area of the pit and the overall
inclination and shape of the mark. The three groups of pits vary simi-
larly in the direction described by PC1. However, the pits generated by

Table 1
Technical specifications of the Structured Light Scanner SLS-2.

Workpiece size 16×500mm
Resolution Up to 0.1% of scan size (down to 0.016mm)
Scanning time One single scan within a few seconds
Mesh density Up to 12,000,000 vertices per scan

Fig. 1. Digital elevation model of the tooth marks along with the 17 landmarks performed.
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hyenas show less dispersion than those produced by lions and the ones
observed in the OCS. The second PC (17.7%) in shape space is related to
the expansion of the interior area and to the location of the widest axis
of the pit. In both, PC1 and PC2, changes in the depth of the pits are also
remarkable. The pits generated by lions show the widest dispersion
along PC2, while hyenas show the lowest scattering range. The OCS
sample falls in this case between the ranges described by hyenas and
lions.

Shape changes along PC3 (14.5%) were also observed because the
first two PCs do not even account for half of the shape variance of the
sample. The third PC is characterized by overall morphological differ-
ences: elongated versus circular shape (Fig. 4). The dispersion of the
hyenas and the OCS sample is similar along PC3, whereas lions seem to
be scattered in the opposite direction (Supplementary File 1).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.quaint.2018.11.023.

In form space, the overlap between the three groups is still re-
markable (Supplementary File 2, Fig. 3). The incorporation of size ex-
pands the area occupied by lions and the OCS, especially the former
one. On the other side, hyenas tend to be more compressed, but the area
outlined by its 95% confidence ellipse fully overlaps with the OCS

sample and mostly coincides with the ellipse formed by lions; only two
hyena pits do not fall in the range described by lions (Supplementary
File 2). When the centroid size of the pits is considered (Fig. 3), the
variance explained by the first PC increases considerably (85.2%). PC1
is related to changes in the overall form of the pits with wider pits at the

Fig. 2. PCA scatter plot in shape space with
confidence ellipses (hyenas: red; lions:
green; OCS: blue). The mean shape in the
center and the extreme changes in shape
along PC1 and PC2 are represented in the
schematic version of the graph. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
Web version of this article.)

Fig. 3. A) PCA scatter plot in form space (hyenas: red; lions: green; OCS: blue) B) PCA scheme with extreme form changes described by the first two PCs and the
average form in the center. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Extreme shape and form changes represented by the third PC score.
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positive limit of the x-axis and longer and narrower pits at the negative
limit of the x-axis. PC2 (3.4%) is characterized by changes in the in-
clination of the pit and in the size and shape of the interior area of the
pit. Form changes expressed by PC3 (Fig. 4) correspond to those ex-
pressed by PC2 in shape space (Fig. 2).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.quaint.2018.11.023

The similarities and differences observed among the sample scat-
tering in shape and form space were further investigated using several
statistical tests. The Pairwise MANOVAs performed on the PC scores to
assess the differences among group means show the resemblance of the
OCS pits with the lion sample in shape and form (Table 2). Hyenas' pits
cannot significantly be distinguished from the OCS when size is con-
sidered, but exclusively morphologic features allow the distinction be-
tween the two data sets (Table 2). In this study, the sample does not
include a wide size variation, indeed only five lion pits appear sepa-
rated from the main scatter area where the hyena, lion and OCS samples
are distributed. Thus, the inclusion of this variable could be tarnishing
the pure shape characteristics that distinguish the different carnivore
sets. In fact, lions and hyenas can be clearly distinguished considering
only shape features (p= 0.0122), but cannot be significantly separated
when also size is assessed, though the significance level is close to the
0.05 limit (p= 0.0563).

The jackknife cross-validated LDA supports these results,

highlighting the similarities between the OCS and the lion sample when
pure shape variables are considered (Table 3). The confusion matrix
calculated indicates that OCS pits are mainly undistinguishable from
those generated by lions (n=11), whereas only 7 pits of 28 cannot be
distinguished from the hyena sample. The remaining OCS pits (n= 10)
cannot be classified neither as lion nor as hyena. Though many OCS pits
cannot be assigned to any of the carnivores, it can be noticed that
among those 10 unclassified OCS pits, 7 pits would more likely be as-
signed to lions than to hyenas. These misclassification rates increase
when the analysis is performed on form data (Table 3). In this case, only
6 OCS pits are classified as lion and 4 are considered hyena. The ma-
jority of the OCS sample (n=18) cannot be assigned to any of the
groups, and according to the association probabilities calculated by the
LDA most unclassified OCS pits would rather be associated with the
action of hyenas than to lions.

However, all the unclassified OCS pits show percentages that do not
reach the 50%, except in one case, whereas OCS pits classified as lions
or hyenas are usually supported by higher association probabilities. The
confusion generated by the similarity of the whole pit sample is sig-
nificant and is in line with previous taphonomic and morphometric
analyses that identified the action of both carnivores at the site.
Likewise, it should be borne in mind that pits produced by hyenas and
lions can easily be confused generating higher misclassification rates, as
already shown in Aramendi et al. (2017a).

4. Discussion

One of the greatest taphonomic challenges to the interpretation of
archaeological bone assemblages is that most of them are palimpsests.
This means that several processes intervened during the formation of
the archaeological record. A great effort has been made to clarify the
taphonomic signals left by the different processes involved in a multi-
agent scenario. For instance, the taphonomic analysis of the FLK Zinj
bone assemblage showed the presence of cut marks along with tooth

Table 2
Pairwise MANOVA results.

Shape space Form space

Hyenas Lions Hyenas Lions

OCS 0.0495 0.4222 0.7564 0.3213
Hyenas 0.0122 0.0563
Lions 0.0122 0.0563

Table 3
Classification of pits using posterior probabilities from cross-validated LDA.

LDA based on shape variables LDA based on form variables

Sample CV Probability of association CV Probability of association

Hyena Lion OCS Hyena Lion OCS

OCS Lion 27.6% 36.6% 35.8% OCS 32.1% 22.8% 45.1%
OCS OCS 23.8% 30.9% 45.3% OCS 30.2% 24.4% 45.4%
OCS OCS 13.1% 40.8% 46.1% OCS 33.4% 25.0% 41.6%
OCS OCS 19.0% 31.0% 50.0% OCS 32.0% 22.4% 45.6%
OCS Lion 28.0% 48.3% 23.7% Lion 29.0% 36.7% 34.3%
OCS OCS 22.5% 30.0% 47.5% OCS 30.9% 24.5% 44.6%
OCS Lion 16.0% 63.5% 20.5% Lion 22.4% 46.0% 31.6%
OCS Lion 1.2% 54.2% 44.6% OCS 30.4% 28.8% 40.8%
OCS Lion 18.9% 48.0% 33.1% OCS 30.3% 29.0% 40.7%
OCS Hyena 68.0% 9.0% 23.0% OCS 41.4% 8.8% 49.8%
OCS Hyena 46.1% 8.5% 45.4% Hyena 56.9% 2.2% 40.9%
OCS OCS 35.6% 20.9% 43.5% OCS 33.4% 17.1% 49.5%
OCS Lion 10.3% 61.6% 28.1% OCS 26.5% 33.4% 40.1%
OCS OCS 24.9% 21.5% 53.6% OCS 34.2% 20.1% 45.7%
OCS Hyena 50.3% 16.6% 33.1% OCS 32.1% 17.1% 50.8%
OCS Hyena 35.0% 31.5% 33.5% OCS 32.3% 24.4% 43.3%
OCS Lion 8.0% 70.1% 21.9% Lion 13.9% 60.8% 25.3%
OCS Lion 17.5% 52.4% 30.1% Lion 22.6% 44.6% 32.8%
OCS Lion 14.8% 60.8% 24.4% Lion 19.2% 64.1% 16.7%
OCS Hyena 69.2% 5.3% 25.5% Hyena 47.1% 5.9% 47.0%
OCS OCS 24.4% 32.1% 43.5% OCS 32.1% 23.9% 44.0%
OCS Hyena 52.4% 6.0% 41.6% Hyena 59.1% 8.9% 32.0%
OCS Lion 18.0% 54.2% 27.8% Lion 22.4% 61.6% 16.0%
OCS OCS 16.3% 39.5% 44.2% OCS 28.8% 29.3% 41.9%
OCS Lion 6.8% 59.6% 33.6% OCS 31.5% 26.9% 41.6%
OCS Hyena 80.4% 4.6% 15.0% Hyena 50.3% 14.4% 35.3%
OCS OCS 14.8% 25.0% 60.2% OCS 32.1% 22.8% 45.1%
OCS OCS 19.3% 14.5% 66.2% OCS 32.4% 13.8% 53.8%
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marks carried out by carnivores (e.g., Bunn, 1982; Bunn and Kroll,
1986; Potts and Shipman, 1981; Shipman, 1986). This inspired several
neotaphonomic experiments in order to clarify the access order of ho-
minins and carnivores in a multi-agent scenario: hammerstone only
model (HO) and carnivore only (CO) (Blumenschine, 1988, 1995),
carnivore-hominin-carnivore (CeHeC) (Selvaggio, 1994), hammer-
stone to carnivore (HeC) (Capaldo, 1995), vulture-hominin-carnivore
(VeHeC) (Pante et al., 2012) or felid-hominin (FeH), felid-hominin-
hyena (FeHeH) and hominin-carnivore (HeC) models (Domínguez-
Rodrigo et al., 2014).

In addition to the concern raised by the multi-patterned scenario,
some taphonomic variables show equifinality. For example, skeletal
part representation has been used to determine the accumulating agent
based on the specific manner of transporting and accumulating carried
out by humans and non-anthropogenic agents (i.e., carnivores). For
instance, the skeletal profiles of FLK Zinj, biased towards long limb
bones, provided supporting arguments for both hypotheses (e.g.,
Binford, 1981, Binford et al., 1988; Bunn and Kroll, 1986, 1988; Potts,
1988; Blumenschine et al., 1996). Based on modern ethnographic
analogs, skeletal part representation of the FLK Zinj was interpreted as a
key indicator of primary anthropogenic access to carcasses and body
part selective transportation (e.g., Bunn and Kroll, 1986, 1988). Using
the same profiles, Binford (1981) argued that carcasses could have been
initially accumulated by carnivores at sites and secondarily accessed by
humans. A third hypothesis stated that humans scavenged at carnivore
kills and transported carcasses to sites (Blumenschine, 1986, 1995;
Capaldo, 1995; Selvaggio, 1994). Recently, new methods based on
multivariate statistics have been proposed for the analysis of classical
taphonomic features such as the skeletal part representation or cut
marks. For instance, the use of machine learning methods allows the
distinction of skeletal part representations generated by felids from
those documented in hyena dens (Arriaza and Domínguez-Rodrigo,
2016), and marks generated by different agents can be discerned
(Egeland et al., 2018, Domínguez-Rodrigo and Baquedano, 2018).
Thus, machine learning methods overcome the equifinality problems
caused by skeletal part representation. With this in mind, neotapho-
nomic research must focus on elaborating accurate analogous to re-
produce the multi-agent scenario avoiding equifinality. The present
analysis could contribute to this debate by analysing tooth mark mor-
phology on said assemblages providing evidence of felid or hyenid bone
modification, thus further supporting interpretive scenarios character-
ized by hominin primary or secondary action.

Carnivores have been the main focus of neotaphonomic research
during the last decades. Carnivores may be considered potential accu-
mulating agents; they might have scavenged bone remains from ar-
chaeological sites and they might have preyed on hominins during the
Plio-Pleistocene (e.g., Sutcliffe, 1970; Brain, 1981; Blumenshine, 1988).
Some of the variables used to determine the carnivore species involved
in bone modification also show equifinality problems, e.g., tooth mark
dimension. This variable has been used to discuss the bone assemblage
from the FLK Zinj (Selvaggio, 1994; Selvaggio and Wilder, 2001;
Domínguez-Rodrigo and Piqueras, 2003). The mean tooth pit size on
cancellous bone from the FLK Zinj was similar to the pit size observed in
a modern sample consumed by hyenas and lions (Selvaggio and Wilder,
2001). However, the results on the cortical bone (i.e. shafts) suggested
that the sample from the FLK Zinj was similar to modern samples
generated by cheetah, leopard or hyenas (Selvaggio and Wilder, 2001).
Based on these data, Selvaggio and Wilder (2001) stated that hyenas
were the last modifying agent on the FLK Zinj bone assemblage. Either
hyenas were ravaging carcasses left by hominins, or felids firstly de-
fleshed the carcasses, followed by hominins demarrowing them and
hyenas ravaging the abandoned bones (Selvaggio and Wilder, 2001).
Further research analysed the same carnivore taxa revealing that tooth
mark size also reached equifinality (Domínguez-Rodrigo and Piqueras,
2003). Several species showed overlapping pit sizes. On the other hand,
according to this study it was possible to differentiate between small-

medium carnivores and larger species based on tooth mark sizes on
both cancellous and cortical bone sections (Domínguez-Rodrigo and
Piqueras, 2003). The great variability suggested by tooth mark size
analysis could not support the three-stage model hypothesis (felid-ho-
minin-hyenid) for the FLK Zinj. Subsequently, other taxa (carnivorous
and omnivorous) were studied, such as the tiger, bobcat or caracal
(Delaney-Rivera et al., 2009) and the sample size of carnivores species
previously studied was increased (Andres et al., 2012). The body mass
of the taxa and the bone portion where the tooth mark was inflicted
may determine the tooth mark dimensions (Selvaggio, 1994; Delaney-
Rivera et al., 2009). Indeed, despite some overlapping, small and large
carnivores could be differentiated based on the tooth pits inflicted on
cortical bone (shafts) (Delaney-Rivera et al., 2009; Andres et al., 2012).
Nevertheless, this variable alone was not a good indicator of the car-
nivore species involved in the exploitation of carcasses. By virtue of the
importance of hominin-carnivore interactions, we should continuously
improve the neotaphonomic frameworks and techniques to develop
accurate analogs to compare with archaeological sites.

One of the recent contributions to the understanding of carnivore
neotaphonomy has been launched by the description of the first lion-
made bone assemblage (Arriaza et al., 2016). Until then, the only felid
that had been interpreted as a potential accumulating agent was the
leopard (e.g., Brain, 1981; Ruiter and Berger, 2000). Hence, any bone
assemblage including larger prey sizes than the usually hunted by
leopards may not be related to the action of a felid. However, large
felids had been proposed as the primary accumulating agent at some
palaeoanthropological sites, such as FLK N, FLK NN, DK and AMK at
Olduvai Gorge (Domínguez-Rodrigo et al., 2007a,b; Aramendi et al.,
2017b) or the fossil Bovidae assemblage from Sterkfontein (South
Africa) Member 4 (Vrba, 1976). Nevertheless, these interpretations
lacked a modern proxy. It is why the description of the first lion-made
bone assemblage is important for the understanding of these relevant
palaeoanthropological sites. Several classical taphonomic variables like
the skeletal part representation, breakage patterns and tooth mark
frequency were used to determine the primary accumulating agent at
the OCS. In addition, the most innovative methods to discern carnivore
bone modification as the taphotypes (Domínguez-Rodrigo et al., 2015)
and the microphotogrammetric reconstruction of scores supported the
hypothesis of the lion-made bone assemblage (Arriaza et al., 2016,
2017). Considering that the OCS constitutes a new taphonomic frame-
work, further research was needed to reinforce the hypothesis that large
felids produce bone accumulations. Recently, the 3D reconstructions of
pits generated by different carnivores have produced successful results
concerning the distinction of carnivore species based on the traces they
leave on limb bone shafts (Aramendi et al., 2017a). The tooth pit
morphology generated by lions and hyenas showed statistical differ-
ences (Aramendi et al., 2017a). The application of this method to the
OCS shows that pits from the OCS cannot be distinguished from pits
generated by lions. On the other hand, pits generated by lions and
hyenas as well as pits from the OCS and those produced by hyenas can
be statistically distinguished. Thus, pit morphology from the OCS sup-
ports the hypothesis of the “lion-made bone assemblage”. Moreover, the
analysis comparing the pit morphology produced by hyenas and the
OCS, though not significant, is approaching the threshold for statistical
significance. This may be due to the secondary access of hyenas to the
bone assemblage of the den as suggested by other variables such as the
taphotypes (Arriaza et al., 2016) or the microphotogrammetric analysis
of scores (Arriaza et al., 2017). The morphometric analysis showed that
the OCS scores grouped into the ellipse corresponding to the lions,
being 68% of the marks directly associated with the lion ellipse. The
32% remaining scores were scattered differently: 24% appeared asso-
ciated with hyena scores and 8% lied outside the range of variability
described by both carnivores (Arriaza et al., 2017). The results obtained
from the morphometric analysis of scores suggest that hyenas accessed
the OCS bone assemblage secondarily. In contrast, although the simi-
larity between the OCS pit morphology and the hyena sample is not
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significant, the statistic correlation is close to the significance level
(Table 2). The confusion matrix calculated indicates that OCS pits are
mainly confused with those generated by lions (n=11), whereas only 7
pits of 28 cannot be distinguished from the hyena sample. The re-
maining OCS pits (n= 10) cannot be classified neither as lion nor as
hyena. In sum, around 40% of the OCS pits match those generated by
lions, while only 25% of the OCS pits match hyenas' pits. Thus, the
application of the same technique (3D reconstructions) on different
type of tooth marks (pit vs scores) may vary slightly the taphonomic
interpretation. This may be due to the differences in tooth mark fre-
quency depending on the carnivore. Durophagous carnivores (hyenas)
are more prone to continuously modify bone surfaces by applying
pressure to break bones and, hence, create a higher frequency of tooth
pits than strictly flesh-eating carnivores (lions), which would create
more scoring while strictly removing flesh (Domínguez-Rodrigo et al.,
2012). In experiments carried out with different carnivore species, lions
showed a proportion of tooth scores on shafts> 70%, whereas among
hyenas (scores= 44%) and wolves (scores= 49%) tooth pits are
dominant (Domínguez-Rodrigo et al., 2012). Lion samples include more
complete bones with a higher score to pit ratio than hyenas and wolves
(Domínguez-Rodrigo et al., 2012). In light of the results presented here,
the virtual analysis of tooth marks may differentiate tooth marks car-
ried out by different species, in contrast to previous analyses based on
the dimension of tooth marks that hindered the distinction between
carnivores species with similar body mass (e.g., lions and hyenas)
(Domínguez-Rodrigo and Piqueras, 2003; Delaney-Rivera et al., 2009;
Andres et al., 2012). Thus, the virtual morphometric analysis offers an
alternative to deal with the problem of equifinality in the study of tooth
mark differentiation. As mentioned earlier, neotaphonomic techniques
may also be worthwhile in multi-agent scenarios. The application of
this new method to the OCS bone assemblage has given the opportunity
to test the new technique in a bone assemblage that bears tooth marks
generated by several carnivores (lions and hyenas). When a multi-agent
model is analysed with this technique it should be taken into account
that the type of tooth mark analysed (pit vs score) may slightly vary the
statistical result. If a lion-to-hyena model is tested (as in the case of the
OCS), the morphometric analysis of scores may show more accurately
the access order of carnivores than the analysis of pits.

The OCS is a relevant bone accumulation since it is the first docu-
mented bone assemblage generated by large felids. This interpretation
is important for the understanding of archaeological sites like FLK N,
FLK NN, DK and AMK (Domínguez-Rodrigo et al., 2007a,b; Aramendi
et al., 2017a) at Olduvai Gorge, or the fossil Bovidae from Sterkfontein
Member 4 (Vrba, 1976). On the other hand, the OCS shows a lion-to-
hyena model that took place naturally. This is especially important for
the application of this new technique to archaeological bone assem-
blages. One of the classic hypotheses for the interpretation of the FLK
Zinj site relies on the action of hominins as passive scavengers of felid
kills and hyenas as marginal agents in the bone modification process
(e.g., Cavallo and Blumenschine, 1989; Blumenschine, 1988, 1995;
Selvaggio, 1994; Capaldo, 1997). The possible application of this new
technique to the FLK Zinj assemblage could shed light on the hunting-
vs-scavenging debate raised around the site. Taking into account the
results of the present work, the virtual reconstruction of scores and pits
from an assemblage modified by large felids and hyenas might be valid
to determine the modifying agent as well as to clarify the order of ac-
cess to the carcasses. If both kind of tooth marks (pits and scores) were
mainly produced by a hyena this would indicate only one stage of
carnivore bone modification. In contrast, if scores are produced by lions
(or lions and secondarily hyenids), this might suggest a lion-to-hyena
model. However, the application of this method to the FLK Zinj as-
semblage still requires the inclusion of leopard tooth mark morphology
(work in progress). The 3D virtual reconstruction of tooth marks from
the FLK Zinj assemblage could help clarify the taxon/taxa involved in
its modification and further hypotheses concerning hominin behaviour
could be assessed at the site.

5. Conclusions

The application of computer vision and geometric morphometric
techniques in the study of tooth marks has provided the possibility of
successfully distinguishing different carnivore taxa involved in bone
modification. Variables previously explored such as the dimension of
tooth marks are affected by equifinality problems: carnivore taxa with
similar body mass generate pits with similar dimensions (e.g.,
Domínguez-Rodrigo and Piqueras, 2003; Delaney-Rivera et al., 2009;
Andres et al., 2012). The capacity to determine the carnivore taxa in-
volved in bone modifications will improve the understanding of site
formation processes and more importantly, of archaeological sites
which show both anthropic and carnivore bone modification and the
access order of agents is controversial. In this manner, hypotheses re-
garding hominin subsistence patterns can be explored. The application
of this new technique to long bones of the OCS has shown that this
methodology is also valid for multi-agent scenarios where several car-
nivore modifying agents are present. This is especially important for the
application of the methodology described here to archae-
opaleontological sites considered palimpsepts. The results support that
the OCS bone assemblage was first modified by the lion and secondarily
ravaged by hyenas.
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