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Abstract The arrival of new methodological approaches to
study microscopic qualities in cut mark morphology has been
a major improvement in our understanding of butchering ac-
tivities. Micro-morphological differences can be detected in
multiple different taphonomic alterations on bone cortical sur-
faces that can later be used to compare different trace mark
types. Through this, we can generate studies that are able to
diagnose the specific taphonomic agents and activities that
produce said traces that can be found on osteological surfaces.
This paper presents experimental data that have been studied
using micro-photogrammetry and geometric morphometrics,
successfully distinguishing morphological differences in cut
marks produced by different lithic tool types as well as differ-
ent raw materials. The statistical results and methodologies
presented here can later be applied to archaeological sites;
aiding in our understanding of raw material exploitation, tool
production as well as the different butchering activities that are
present in faunal assemblages.
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Introduction

Studying taphonomic traces within the archaeological record
can be complex and difficult to the untrained eye; through this,
the use of experimentation has become essential to build a
series of theoretical frames of reference (Gifford-Gonzalez
1991) that contribute towards a middle range theory (Merton
1967; Binford 1967, 1968, 1981) that can aid in our under-
standing of ancient hominid populations.

Some of the greatest taphonomic debates have fallen under
the common difficulty many analysts face in correctly diag-
nosing the presence of anthropic intervention in faunal accu-
mulations (Blumenschine et al. 1996). Cut marks are one of
the main traces of human exploitation activities that have been
identified in the fossil record. A cut mark is a “groove” or
“linear mark” (Fernandez-Jalvo and Andrews 2016) that pen-
etrates the surface of the bone through the displacement and
movement of organic tissue in the process of moving a sharp-
ened edge against bone. While the common understanding of
cut mark production is most commonly associated to lithic
tools, many other raw materials can produce cut marks such
as bamboo (Spennemann 1990; West and Louys 2007,
Bonney 2014), shell tools (Choi and Driwantoro 2007,
Weston et al. 2015) or metal tools (Greenfield 1999, 2008;
Bartosiewicz 2009).

The greatest difficulty many analysists have to face is the
distinction of cut marks over trampling (Behrensmeyer et al.
1986; Olsen and Shipman 1988; Thompson 2005; Blasco
et al. 2008; Dominguez-Rodrigo et al. 2009). According to
classical definitions, a cut mark can be distinguished by its
characteristic \V shaped cross section, as well as a series of
qualitative characteristics that can be associated with the pri-
mary groove (Binford 1981; Shipman and Rose 1983; Olsen
and Shipman 1988; Yravedra 2006; Dominguez-Rodrigo
et al. 2009; Juana et al. 2009; Fernandez-Jalvo and Andrews
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2016). Trampling marks on the other hand have a much wider
and more superficial groove, its cross section presenting a \ /
shape where the walls and floor of the mark can be distin-
guished (Dominguez-Rodrigo et al. 2009). This simple diag-
nosis, however, has become obsolete as presented by multiple
experimental studies (Dominguez-Rodrigo et al. 2009; Marin-
Monfront et al. 2013; Reynard 2013), showing that the mor-
phology of cut marks are dependent on many other condition-
ing factors. It has become increasingly clear that new tech-
niques have to be adopted in order to provide a higher accu-
racy in cut mark diagnosis.

Morphological studies of cut marks have been relatively
scarce up until the beginning of the 21st century. With the
development of new methodologies to study the shape of cut
marks, taphonomers have been able to achieve higher degrees
of resolution to study the internal properties of cut marks, the
nature of their formation and, as of recently, the morphological
differences between certain cut marks (Walker and Long
1977; Blumenschine et al. 1996; Dominguez-Rodrigo et al.
2009; Juana et al. 2009). These morphological differences, in
general, are qualitative in nature; however, through a number
of different methodological approaches, we can go further
than simply measuring the cut mark.

The first morphological studies of cut marks came about in
the late “70’s with the work of Walker (1978) and Walker and
Long (1977). These papers correctly pointed out a number of
characteristics that can be observed in the shape of a cut mark
produced by different tools and raw materials; the technology
employed by these authors, however, were majorly limited. A
number of different authors have developed this field of study
by establishing a series of basic characteristics that can be
observed in cut mark morphology; the size of the grain in
certain raw materials produces different widths in cut mark
shapes (Dewbury and Russell 2007; Moclan Ramos 2016;
Maté-Gonzalez et al. 2016; Yravedra et al. 2017a, b) as well
as defining how different tool types may also affect the width
and depth of a cut mark (Greenfield 1999, 2008; Lewis 2008,
Dominguez-Rodrigo et al. 2009; Juana et al. 2009; Merrit
2012; Galan and Dominguez-Rodrigo 2013a; b; Moretti
et al. 2015). Some authors have gone a step further producing
complementary studies analysing the efficiency of these dif-
ferent tool types in butchering activities (Machin et al. 2006;
Galan and Dominguez-Rodrigo 2013b; Braun et al. 2016).
Rather interesting studies have also been carried out relating
to morphological changes produced by the relative sharpness
of the stone tools, implying how a tool that has been worn
down through use produces wider marks than recently
knapped tools (Braun et al. 2016).

While the application of these studies remain fairly limited
to experimental studies, research has been carried out apply-
ing this reference material to archaeological sites (Bello et al.
2009; Bello 2011; Yravedra etal. 2017a, b) or at least trying to
(Val et al. 2017).
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The arrival of new methodology to study microscopic qual-
ities in cut mark shapes has been a major improvement in our
understanding of hominid activities. With improvements in
cut mark studies generated by Silvia Bello (Bello and Soligo
2008; Bello et al. 2009, 2013; Bello 2011) and geometric
morphometry later by Maté-Gonzalez et al. (2015, 2016,
2017a, b), Yravedra et al. (2017a, b) and Arriaza et al.
(2017), investigators have been able to produce higher defini-
tion studies of microscopic quantitative morphological shapes
between taphonomic alterations on bone surfaces. These ad-
vances, however, work solely upon two-dimensional cross
sections of taphonomic traces, only being able to register a
confidence interval between 39 and 70% of the cut mark’s
total length. While the development of 3D analysis has been
carried out, as presented by authors such as Aramendi et al.
(2017) in their analysis of pit morphology between carnivores,
this approach has yet to be used as a form of processing an-
thropic taphonomic traces; highlighting the objectives of this
paper. 3D analysis is capable of capturing the entire morpho-
logical shape of the cut mark, and through our understanding
of cut mark morphology, we can imply a number of different
elements produced by the effector in a taphonomic trace
(Gifford-Gonzalez 1991).

This paper proposes a new methodological approach to stud-
ies in cut mark morphology that successfully presents a way of
distinguishing between cut marks produced by raw materials of
different granular properties and different lithic tool types.
Through experimental studies, based upon the concept of uni-
formitarianism (Hutton 1794; Playfair 1802; Lyell 1830;
Whewell 1847), we have been able to provide controlled
actualistic observations, creating a theoretical window into the
past of our species. This information, registered through micro-
photogrammetry and geometric morphometrics, allows us to
understand a series of concepts including raw material exploi-
tation and the association of lithic tools with faunal accumula-
tions. Integrating this knowledge allows us to understand the
cognitive features that hominid populations present in lithic tool
productions and ancient economical exploitation of animal car-
cass present in the zooarchaeological fossil record.

Methodology
Experimentation

For the purpose of this study, experimental cut marks were
produced using different tools and raw materials. In order to
test the accuracy of our new methodological approach, a pre-
liminary study was performed with simple flakes of different
raw materials, as well as statistical analyses to assess the best
landmark configuration for the study. To understand how raw
materials affect the morphology of a cut mark, the first sample
selected included the results of previous experimentations (see
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Maté-Gonzalez et al. 2015); cut marks were produced by sim-
ple flakes in the following raw materials: flint (from the
Iberian Peninsula), quartzite (from the Olduvai Gorge), basalt
(from Olduvai) as well as metal (for reference). Twenty-five
marks were processed by each of these raw materials, making
a total sample size of 100 cut marks in this preliminary study.

The main body of our experimentation consisted of study-
ing the morphological differences produced by different tool
types; for this, a total of 150 marks were produced using the
quartzite obtained from the Naibor Soit of Olduvai Gorge. So
as not to produce discrepancies in our experiment, it was seen
that, for the comparison of different tool types, the same raw
material was needed in the production of all cut marks. This
way the experimental value could remain analogous (Bunge
1981) as we are controlling all possible variables (Popper
1935) that could affect the morphology of the mark while only
changing the tool type. This way our observations on tool type
variations in cut mark morphology can be restricted only to
the changes produced by these specific tools.

According to diverse publications on the geological nature
of the raw materials found in the Olduvai Gorge, the raw
material used in our experiment is considered a quartzite
(Santonja et al. 2014), despite how the texture and granular
nature of said raw material was cause enough to create doubts
among other authors (Blumenschine et al. 2008; de la Torre
and Mora 2013; de la Torre et al. 2013) who consequently
identified this material as a Quartz. This type of quartzite is
typical from the Naibor Soit (Olduvai Gorge, Tanzania) and
presents a large granular texture of 0.5 cm crystals. The iden-
tification of the geological characteristics present within this
raw material are defined and observed by Maté-Gonzalez et al.
(2017b) through their production of thin sections in cross-
polarised light.

The quartzite was processed producing a total of three dif-
ferent tool types, including five simple flakes (Fig. 1), a biface
(Fig. 2) and five retouched flakes (Fig. 3), making sure that the
cutting edge was sharp enough to produce an incision across
the bone’s surface. The flakes produced were knapped by one
of the authors (JY) following the common type of lithic tool
production observed in Olduvai (Leakey 1971; Diez-Martin
et al. 2009; Sanchez-Yustos et al. 2017), consisting in large
bifacial tools as well as Mode 1 Oldowan simple and retouched
flakes (Yravedra et al. 2017a, b). Details on each of the tools
used within this experiment can be found in Table 1.

As for the bones selected, the incisions were performed on
bones obtained from a local butcher’s, all with scraps of meat
intact. The bones belonged to small animals, mostly
ovicaprids and suidae, and consisted in a number of different
anatomical elements, including scapulae, femora, humeri and
ribs. Taking into account that the majority of Pleistocene ar-
chaeological sites present adult populations to a higher degree
than any other age group, the experiment was carried out on
adult individuals. Along these same principles, the cut marks

Fig. 1 Simple flake; experimentally produced using quartzite from the
Olduvai Gorge

were also concentrated on the diaphysis of each element so as
to create a sample that could be compared to the majority of
cut marks in the zooarchaeological assemblage.

In total, an average of 200 cut marks were produced by a
single right-handed individual (MAMG) for each experiment.

Digitalization and virtual reconstruction

The process of digitalizing the cut marks was carried out with
the use of a structured-light 3D scanner, consisting in a

Fig. 2 Bifacial tool; experimentally produced using quartzite from the
Olduvai Gorge
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Fig. 3 Retouched flakes; experimentally produced using quartzite from
the Olduvai Gorge. The retouched cutting edge is indicated in each case
by a red arrow

camera, a projector and a calibration marker board. The first
phase consists in the calibration of the equipment. In order to
carry out this process, a DAVID USB CMOS Monochrome
camera is positioned and fit with a macro lens alongside an
ACER K132 projector, both facing towards the calibration
marker board at an angle between 15° and 25°. The projection
produced by the projector has to cover the entire calibration
marker board; in our case, the size and calibration pattern
corresponds to a 15-mm scale. Within the DAVID software
the scale is introduced as displayed on the calibration marker
board, the camera’s exposure is adjusted accordingly while the
focus is adjusted of all instruments. The equipment is then
calibrated. During this process the camera, as well as the pro-
jector, have to remain fixed and stable throughout the entire
calibration process, ensuring the quality of the scans.

The second phase consists in substituting the calibration
marker board for the bone we intended to scan. The

structured-light SLS-2 DAVID scanner is able to produce a
density of up to 1.2 million points, the advantages of this
technological approach to scanning our cut marks is the pro-
duction of much higher resolution 3D images of that could
then be processed in Amira 5.0 for landmark placement. The
scanner used in this experiment produced a higher quality
resolution than the scanner used in Maté-Gonzalez et al.
(2015); thanks to the technological advances in this field.
This new scanner was able to achieve similar results to the
photogrammetric methods used in Maté-Gonzalez et al. 2015,
2016, 2017a, b) and Yravedra et al. (2017a, b).

As previously explained, a total 50 cut marks were proc-
essed for each tool type and 100 cut marks were processed for
the raw material samples; 25 cut marks per raw material type.

Geometric morphometric analysis

The application of geometric morphometrics (GMM) has also
changed morphological analyses over the decades, substituting
traditional descriptive methods for statistical ones allowing the
study of size and shape variation (Kendall 1989; Goodall and
Mardia 1993), and also allowing for the visualisation of resul-
tant covariation in terms of warpings and transformation grids
(see review in Rohlf and Marcus 1993; Slice 2005). Shape and
size information is contained in the form of landmarks, homol-
ogous points that can be located among the elements we intend
to study. These landmarks are points of reference that contain
information that can be studied and compared in the form of
cartesian coordinates (O’Higgins and Johnson 1988; Bookstein
1989; Goodall 1991; Hall 2003; Manriquez et al. 2006;
Klingenberg 2008). Our landmark configuration consists of a
series of three-dimensional points established on the exterior
and interior surface of each cut mark. Type II and III fixed
landmarks (Bookstein 1991; Dryden and Mardia 1998) based

Table 1 Table presenting a

descriptive list of the stone tools Raw Tool type Max. length (mm)  Max. Weight (g)  Cutting Platform

used in the experiment regarding material' width (mm) edge Angle (°)

tool type
Quartzite  Hand axe 200 115 45 75-80 Plain
Quartzite  Simple flake 60 58 12 62 Plain
Quartzite  Simple flake 74 76 15 58 Plain
Quartzite ~ Simple flake 90 68 15 57 Plain
Quartzite  Simple flake 92 70 21 54 Plain
Quartzite ~ Simple flake 86 72 17 56 Plain
Quartzite  Retouched flake 36 60 14 74 Plain
Quartzite  Retouched flake 61 41 13 63 Plain
Quartzite  Retouched flake 33 51 10 82 Plain
Quartzite  Retouched flake 58 40 10 76 Plain
Quartzite  Retouched flake 41 45 18 62 Broken

! Raw material has been classified in accordance to Santonja et al. (2014) and the thin sections in cross-polarised
light studied by Maté-Gonzalez et al. (2017b)
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on criteria established in accordance to certain qualitative fea-
tures present in a cut mark were located using the Avizo soft-
ware (Visualisation Sciences Group, USA). Based on the fact
that a cut mark presents a homogenous central groove with no
distinction between the floor and the walls of the mark
(Dominguez-Rodrigo et al. 2009), only one landmark (see
landmark 3 in Table 2 and Fig. 4) was established on the inside
of the groove, marking the central most profound point that
indicates the trajectory, depth and opening angle of the mark
(Bello and Soligo 2008; Bello et al. 2009, 2013; Bello
2011).Since in taphonomic practice cut marks are often con-
fused with trampling marks, other eight landmarks mapping the
outer morphological characteristics of the incision were added
(Table 2, Fig. 4). In that way, differences related to cross-
section shape and homogeneity of the groove trajectory were
included in the analysis. A further detailed model including
extra variables such as the opening and closing angles of the
marks (see landmarks 10—13 in Table 2) was created, trying to
generate a better morphological comparison of the width and
curvature of the marks (Fig. 4).

The two models were compared statistically to determine
which one best represents the morphological shape of a cut
mark and provides better statistical results in distinguishing
between the various tool types through the morphological
shape of the cut marks produced.

Landmarks were only established in cut marks where
points one and two were clear, in cases where the bone was
fractured or if cut marks superimposed and the beginning and
end of the mark could not not be found, these cut marks were

excluded from the analysis. If cut marks were abnormally
curved, they were also excluded as later on, statistically, these
marks produce a great deal of statistical noise that affect our
results. The depth of the marks were dependent on the natural
curvature of the bone as, if the mark was abnormally deep then
the mark was processed, however, if later this same mark
appeared as an anomaly in the statistical results another mark
was taken, thereby excluding said anomaly. Extra qualitative
features (presence of shoulder effect, for example) that were
not captured by our landmark configuration and that are rele-
vant for mark identification were all noted separately.

Geometric morphometric analyses are based on Procrustes
superimposition, otherwise known as generalised Procrustes
analysis (GPA). The form information contained in the land-
mark data is normalised through a series of superposition pro-
cedures; translating, rotating and scaling the elements under
study (Goodall 1991). The GPA reveals all Procrustes resid-
uals separated by Procrustes distances that allow us to deter-
mine the variation and covariation between the elements we
are comparing (Monteiro et al. 2000). These coordinates are
projected onto a flat Euclidian space that can later be analysed
through common multivariate statistical analyses (Rohlf 1999;
Rohlf and Corti 2000; Slice 2001).

Several principal component analyses (PCA) were per-
formed to assess morphological variance. The use of a PCA
allows us to convert each cut mark into a single point which
can be casily plotted against a graph. The PCA tests were
performed solely in shape space excluding size. Changes in
shape were visualised with the aid of transformation grids and

Table 2 Table presenting the list of landmarks for both models used in this study alongside a description of their location. Landmark types are

established according to Bookstein (1991) and Dryden and Mardia (1998)

Model 1 Landmark ~ Model 2
Type
N°  Location N°  Location
1 Beginning of the cut mark I 1 Beginning of the cut mark
2 End of the cut mark I 2 End of the cut mark
3 Deepest point in the middle of the cut mark I 3 Deepest point in the middle of the cut mark
4 Left hand shoulder of the middle of the cut mark I 4 Left hand shoulder of the middle of the cut mark
5 Right hand shoulder of the middle of the cut mark I 5 Right hand shoulder of the middle of the cut mark
6  Left hand shoulder, halfway between the beginning and it 6  Left hand shoulder, halfivay between the beginning and the

the middle of the cut mark

7  Right hand shoulder, halfway between the beginning and Il
the middle of the cut mark

8  Left hand shoulder, halfway between the middle and the — III
end of the cut mark

9  Right hand shoulder, halfway between the middle and the  III
end of the cut mark

I
I
I
I

middle of the cut mark

7  Right hand shoulder, halfway between the beginning and the
middle of the cut mark

8  Left hand shoulder, halfway between the middle and the end
of the cut mark

9  Right hand shoulder, halfway between the middle and the end
of the cut mark

10 Left hand shoulder, at the opening angle of the cut mark
11 Right hand shoulder, at the opening angle of the cut mark
12 Left hand shoulder, at the closing angle of the cut mark
13 Right hand shoulder, at the closing angle of the cut mark
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Fig. 4 Landmark locations as explained in Tables 1 and 2 for both Model
1 (left) and Model 2 (right). Images obtained through Amira 5.0, the
computer software used for Landmark placement

warpings computed using thin-plate splines (Bookstein 1989).
PCAs were performed in Morphol (Klingenberg 2011) and
Morphologika 2.5 (O’Higgins and Jones 1998).

From the PC scores, a multiple variance analysis
(MANOVA) was carried out in R (Core-Team 2015) to see
if, on a statistical level, the cut marks could be distinguished.
Finally, canonical variate analyses (CVA) and linear discrim-
inant analyses (LDA) were used to determine the shape fea-
tures that best distinguish among cut marks produced with
different tools and raw materials. CVA and LDA were per-
formed in Morphol.

Results
Choosing a landmark model

The statistical analysis of the two models created to register
cut marks shows that the most descriptive model, Model 2,
best represents the morphological changes in cut mark
morphology.

The PCA of Model 1 is represented by a total of 20 prin-
cipal component coefficients (PCs) with the first two PC
scores representing 56.0% of the sample. In the PCA scatter
plot, the grouping of each sample is rather inconclusive; al-
most all groups are overlapping completely while biface and
retouched flakes are practically indistinguishable (Fig. 5). The
MANOVA results (Wilks’ Lambda = 0.3664, F = 2.999,
p = 0.005394) pointed out limited differences between
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samples while the Pairwise MANOVA (Table 3) results indi-
cate that there is no significant difference between the means
of'the cut mark groups produced with biface and simple flakes
(p value = 0.1515) whereas biface and retouched flakes were
statistically distinguishable (p vale = 0.039488) as well as
retouched and simple flakes (p value = 0.037553). The CVA
graphs (Fig. 6), however, show a clear distinction between
group types; however, the distances between each group are
fairly limited.

Results obtained with Model 2 are more conclusive.
Though the PCA scatter plot, with the first two PC scores
representing 58.1% of the variance, still shows some slight
overlapping between groups (Fig. 5), the Pairwise
MANOVA results (Table 3: Wilk’s Lambda = 0.3036,
F =3.748, p = 0.0009826) point out that differences among
group means are more prominent and better registered with
the second Model; especially as differences between groups
are always significant. CVA results are somehow more con-
clusive for the first model where the distances among groups
are statistically significant (p < 0.05), whereas Model 2 results
indicate that there is no clear Procrustes separation between
biface and simple flakes in the Procrustes distances.

As can be seen in all of the statistical tests, Model 2 has a
better chance of distinguishing morphological differences be-
tween cut marks produced by the different tool types than
Model 1. Thus, Model 2 was used to register the total of the
cut mark sample and conduct the following statistical analyses.

Comparing raw materials

The PCA generated for the 100 cutmarks analysed is divided
into 32 principal component coefficients with the first two
representing 53.9% of the variance of the sample. The PCA
graphs seem rather chaotic with groups formed by different
raw materials overlapping in shape space (Fig. 7), the Pairwise
MANOVA (Table 4: Wilks’ Lambda = 0.3036, F' = 3.748,
p = 0.0009826) indicates a significant differences between
all groups minus basalt and flint.

The CVA scatter plot, where 86.3% of the sample
(CV1 = 51.4%, CV2 = 34.9%) is explained (Fig. 8), shows
a more clear representation of the groupings, where different
raw material types can be better distinguished. While basalt
and flint still overlap being practically indistinguishable,
quartzite and the metal blade present clear differences, coin-
ciding with the results produced by Maté-Gonzalez et al.
(2016). Quartzite, metal and the flint/basalt groups are also
easily distinguishable. As for the numeric results of these tests,
all the Mahalanobis distances from the CVA results are all
significant (p = <0.0001), but the Procrustes distances cease
to be significant in the case of flint and basalt (p = 0.7318),
supporting the rest of statistical results that the two raw mate-
rials have similar morphological components in the cut marks
present. It cannot be denied that the CVA graph (Fig. 8)



Archaeol Anthropol Sci (2019) 11:651-665

657

Fig. 5 Scatter plots of the PCA ) 01
results comparing Landmark Biface
Models 1 (left) and Model 2 Flake R . . ..
(right) Flake S 0.1 . J
@ o ° e o
< ‘e ~ 00 e %o 3
& .’ 5 |ee .
o )
g o o . 8, .,
6 0.0 o. ° * 6 o
* °® o -0.1
B fe °
-0.1 °
. 0.2
0. 0.0 0.1 o ) =

visually presents the possibility of distinguishing between raw
material type; however, when analysing an archaeological
site, this larger marginal error presented by Mahalanobis and
Procrustes distances still has to be taken into account in order
to maintain validity in our interpretations of statistical results.

The cross-validated scores calculated for the LDA also show
a great overlap between flint and basalt. The numeric results in
a classification/misclassification table (Table 5) presents that,
statistically, the system is able to correctly allocate 52 and 56%
of each sample to their correct groups (flint and basalt, respec-
tively) in contrast to the rest of raw materials that are able to
distinguish over 60% of the sample. The best results in cross-
validation analyses are between metal and basalt with a 72 and
68% true allocation of basalt and metal, respectively.

Comparing different tool types

The total sample of 50 cut marks per tool type (150 cut marks
in total) was subjected to a PCA that is explained by a total of
32 principal component coefficients with the first two PC
scores representing 64.5% of the variance of the sample.
Looking at the PCA graphs produced in Fig. 9, while at a first
glance the groups seem to overlap a fair amount, certain trends
can be identified seeing how simple flakes appear much more
spread out across the graph. Retouched flakes and bifaces
appear clustered and, while they do indeed overlap, the two
groups can still be identified at a more detailed look at each
graph. Upon comparing the different PCA plots using the first
three PC scores, this trend is consistent in all graphs; simple
flakes are plotted spread out across the graph while bifacial

PC1 (32.3%)

PC1 (31.7%)

tools and retouched flakes are clustered and positioned side by
side in the centre of the graph.

The Pairwise MANOVA tests (Wilks” Lambda = 0.5535,
F =9.841, p = 3.754e-14) indicate a strong significant differ-
ence between each tool type being able to perfectly distinguish
between each group, providing exponential p values in all
cases (Table 6).

The CVA results (Fig. 10) provide significant values in
both Procrustes and Mahalanobis distances for all three differ-
ent tool types. The sample is represented by two CV scores
(CV1 = 62.0%, CV2 = 38.0%) represented in a scatter plot
where (Fig. 10) the three different tool types can be clearly
differentiated. While some overlapping occurs in the three
groups present, the number of cases that appear in these dif-
ferent groups is minimal, distinguishing almost perfectly all
three different tool types. As for the LDA results, the cross-
validated classification/misclassification tables (Table 7) pres-
ent a high percentage of correctly allocated groups, proving
that the sample at hand strongly represents the morphological
changes between each tool type. Of the three different tool
types, the simple flakes are perhaps the group that presents
the lowest percentage of correctly distinguishing between the
different tool types; however, the percentage is still high
enough to argue that the sample data strongly represents the
morphological differences produced in cut marks.

Qualitative observations

Upon observing the presence or lack of any sign of shoulder
effect in the cut marks, what can be seen is how the different

Table 3 Pairwise MANOVA

p values for both models 1 and 2 Model 1 Model 2
Biface Flake R Flake S Biface Flake R Flake S
Biface 0.39488 0.1515 Biface 0.035147 0.043899
Flake R 0.039488 0.037553 Flake R 0.035147 0.01969
Flake S 0.1515 0.037553 FlakeS 0.043899 0.01969
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variables are conditioning variables in their appearance. Using a
linear modal ANOVA test in R, the different tool types can be
seen to be an important conditioning factor (p = 1.114e-06 ***
F =15.069) in producing any shoulder effect. Raw materials, on
the other hand, did not prove to be significant (p = 0.5322) with
relatively low F values (0.6364) as well. Using simple percent-
age statistics, the different raw materials can be seen to condition
the presence of shoulder effect, basalt, for example, proving to be
the raw material that produces the highest amount of cut marks
with shoulder effect (24%, n = 6) while quartzite (16%, n = 4)
and flint (12%, n = 3) produce a smaller amount of cut marks
related to shoulder effects. Seeing as the ANOVA results reject
the significance of these percentages, however, we cannot argue
that the presence of shoulder effect is caused by the different raw
materials. The different tool types, on the other hand, clearly
produce different quantities of this qualitative feature with bifa-
cial tools (62%, n = 31) presenting a much higher degree of cut
marks with shoulder effect than any other tool type (simple
flake = 14%, n = 7; retouched flake = 32%, n = 16).

CV1 (75.9%)

Discussion

This study presents a new methodological approach to the
analysis of cut marks, using 3D virtual reconstructions of ex-
perimentally produced bone alterations and appropriate statis-
tical studies to compare the morphological factors at hand.
While microscopic, statistical and quantitative studies already
exist in this field (namely the work of Bello and Soligo 2008;
Bello 2011), this paper presents a new series of techniques that
allows us to carry out this analysis with a greater degree of
accuracy at higher resolutions, supporting the published work
of Maté-Gonzalez et al. (2015, 2016) and Palomeque-
Gonzalez et al. (2017).

The statistical results presented are conclusive in their com-
parison of different tool types. While the study applied to raw
materials has already been carried out by Maté-Gonzalez et al.
(2016, 2017a, b) and Yravedra et al. (2017a, b), the results
presented here present a more accurate way of deducing the
raw material through cut mark morphology. Seeing as the
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Table 4 Pairwise MANOVA p values comparing the morphological
differences of cut marks produced by different raw materials

Table 5 Cross-validation classification/misclassification percentages
comparing samples of cut marks produced by flint and basalt

Flint Quartzite Basalt Metal
Flint 0.0044147 0.50931 0.0018309
Quartzite 0.0044147 0.0031372 0.0094933
Basalt 0.50931 0.0031372 4.89¢-05
Metal 0.0018309 0.0094933 4.89¢-05

similarities between flint and basalt have already been noted,
and are still seen in the results presented here, the two raw
materials through the techniques established in this paper are
easier to distinguish. This proves that alongside two-
dimensional studies of cut mark intersections, the three-
dimensional techniques established here are a better method-
ological approach to studying cut mark morphology. This,
however, does not imply that two-dimensional studies cut
mark profiles should be rejected, on the contrary; the method-
ology presented by other authors (Maté-Gonzalez et al. 2015,
2016) are perfectly valid if collaborated with the methodolog-
ical approach presented here.

The implications this study provides to the future of ta-
phonomy applied to zooarchaeology are growing in value. If
we are able to indicate, through the morphology of cut marks
found in faunal assemblages, the associated tool kit that was
used in butchering activities, we can begin to understand a
series of cognitive and behavioural factors present in ancient
hominid populations. Through this, we can decipher econom-
ic variables such as raw material exploitation present in sites,
as well as the functionality of lithic technologies associated
with faunal accumulations. These studies can be collaborated
with other investigators, such as traceologists as well as ex-
perts in lithic tool production, which can permit a greater
understanding and interpretation of different Palaeolithic
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Fig. 8 Scatter plot of the CVA results comparing the morphological
shapes of cut marks produced by different raw materials

Allocated to
Basalt (%) Flint (%)
TRUE Basalt 52 48
Flint 44 56

technocomplexes. We can also understand to a higher degree
the behavioural characteristics and cognitive relations be-
tween hominid populations and the fauna present in their im-
mediate surroundings. Outside of the Palaeolithic record, this
can also be applied to later prehistoric sites, unravelling the
transition periods between stone tool use and the different
metal tools present in metallurgical societies. Could it even
be possible to study the morphological differences between
bronze blades and steel blades? This field of study even cre-
ates new windows for analysts in prehistoric art (Giith 2012;
Bello et al. 2013; Charlin and Hernandez Llosas 2016; Nelson
et al. 2017), understanding the functionality of tools such as
burins (Moretti et al. 2015), as well as certain patterns present
in fluted cave engravings that analysts such as Van Gelder and
Cooney have been trying to identify (Van Gelder 2010;
Cooney and Van Gelder 2011; Van Gelder 2014, 2015; Van
Gelder and Sharpe 2015).

Needless to say, before any application of this methodolog-
ical approach to actual archaeological sites can be carried out,
more experimental samples are required to ensure accuracy in
the reference sample. These experimental samples have to
take into account all the possible variables that may be affect-
ing cut mark morphology. For example, an interesting variable
that has been observed in this paper can be seen as another
conditioning variable; bone morphology and densities. Taking
into account that a cut mark is defined as an incision in oste-
ological material (Olsen and Shipman 1988; Potter 2005;
Fernandez-Jalvo and Andrews 2016), the depth of the cut
mark is highly dependent on not only the force applied in
producing the incision but also the material that is being al-
tered. It can be seen in our experimental data that cut marks
found on denser bones, such as the diaphysis of a long bone,
are much shallower than cut marks found on bones with can-
cellous tissue such as an epiphysis or part of the axial skeleton.
The differences in bone density throughout the skeleton (Lam
et al. 1998, 1999, 2003) is a factor that has already been
studied in relation to faunal representations and the taphonom-
ic processes that may affect osteological conservation rates
(Batram and Marean 1999; Stiner 2002; Pickering et al.
2003; Faith et al. 2006); however little has been mentioned
about cut mark morphology in relation to bone density (apart
from Braun et al. 2016 who include experimentation on
different sections of bone to observe morphological
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Fig. 9 Scatter plot of the PCA results comparing the morphological shapes of cut marks produced by different tool types in shape space. Extreme shape
changes described by PC scores 1 and 2 are represented on their corresponding axis limit

differences). Simply put, if we consider the physical action
that produces a cut mark (Potter 2005), a bone made of softer
tissue will be easier to cut, producing a much deeper groove.

As can be seen, the wider marks presented in the original
graphs (Fig. 9) are much deeper (Fig. 11) than the thinner cut
marks. While a number of publications have mentioned the
depth of metal cut marks being much deeper, it can still be
observed how the marks remain thin in nature. The morpho-
logical boundaries that are presented in these studies become
increasingly complex depending on the depth of the incision
which can, in itself, be dependent on the density and natural
curvature of the bone. While this factor has not been
experimented with in this paper, it is definitely a question worth
asking ourselves when planning future studies in this field.

A further factor that has come to light through the work of
Braun et al. (2008, 2009, 2016) is the possible sharpness of the
tool being used. It is commonly understood that retouching
techniques could have been used to sharpen a blunt tool or to
generate different tool types (Hiscock 2007; Braun et al.
2016); it can be assumed that as the stone tool loses the sharp-
ness of its cutting edge, the tool may have been retouched to
continue using the same flake. This argument receives some

Table 6 Pairwise MANOVA p values comparing the morphological
differences of cut marks produced by different tool types

Biface Flake R Flake S
Biface 1.30e-06 1.07¢-08
Flake R 1.30e-06 3.23e-07
Flake S 1.07e-08 3.23e-07

@ Springer

conflict, however, from other studies arguing that the exploi-
tation of flakes in many sites are dependent on the availability
of the raw material, time span in which butchering activities
were carried out and the possibility that discard of a flake was
more likely than the actual sharpening of the flake through
retouching techniques (Leakey 1971; Potts 1988;
Dominguez-Rodrigo et al. 2002). As stated by Braun in his
work, the sharpness of the blade upon use produces repeatedly
wider cut marks (Braun et al. 2016) as chipping is produced
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Fig. 10 Scatter plot of the CVA results comparing the morphological
shapes of cut marks produced by different tool types
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Table 7  Cross-validation classification/misclassification percentages
comparing the different samples produced by different tool types

Allocated to
Flake R (%) Flake S (%)
TRUE Flake R 76 24
Flake S 32 68
Allocated to
Biface (%) Flake S (%)
TRUE Biface 80 20
Flake S 36 64
Allocated to
Biface (%) Flake R (%)
TRUE Biface 84 16
Flake R 30 70

and the file of the edge is worn down. This is quite possible a
conditioning factor that may have to be taken into account for
future studies.

According to our observations and taking the numerous mor-
phological factors into account, a series of simple qualitative
observations have been made regarding cut mark morphology:

» Bifacial cut marks are much shallower than simple and
retouched flakes. This can be seen through their position
in the PCA scores presented in Fig. 10.

» Bifacial cut marks also tend to present a morphological
section in the shape of “\ /” whereas simple cut marks
have much steeper walls.

+ Bifacial cut marks present a higher probability of produc-
ing a shoulder effect associated with the main groove as
shown in our ANOVA results.

* The depth of a cut mark is possibly dependant on the
density and morphological nature of the bone itself.

Fig. 11 A graph presenting
morphological changes in the
depth of cut marks ranging across
the PCA graph shown in Fig 14.
Extreme shape changes in cut
marks produced by different tools
can be observed at the limits of
their corresponding axis

* The raw materials used produce different morphological
features that can be considered as dependent on the gran-
ular nature of the said raw material.

Having said this, it can be considered, through the research
presented within this paper, that three principal variables are
conditioning factors in cut mark morphology; the raw material,
the tool type and, possibly, the density of the bone at hand. In
order to correctly use this information and apply our methodol-
ogy to archaeological sites, the following methodological steps
have to be carried out in order for the statistics to be reliable:

* In order to correctly detect the raw materials used, experi-
mentation has to be carried out directly with the raw mate-
rials from the site. This may, in many cases, prove problem-
atic if confronting a site where the hominids have brought
the raw materials into the area from a different source, how-
ever, the granular components of each raw material can con-
dition greatly the morphological characteristics of the cut
mark. This variable becomes especially clear when looking
at a number of archaeological sites that have not even had a
decent study of the raw materials present. The effect of dif-
ferent granular compositions between stone tools is currently
awork in progress, studying how different types of quartzite,
with different sizes in their granular components, leave dif-
ferent, or in some cases similar, shaped cut marks.

* A detailed understanding of the lithic technology present
in an archaeological site is necessary to compare the dif-
ferent tools that may have been produced. While this char-
acteristic may seem relatively obvious, it is still worth
mentioning. Experimentation must be carried out follow-
ing the knapping qualities presented in the site so as not to
generate noise in the statistical results.

* Upon scanning the material prior to the morphological
comparisons, photographic evidence of the cut marks

PC2(13.3%) =>>

PC1(51.2%) =D .
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should be provided so that the investigator establishing the
landmarks is able to correctly process each cut mark with
the greatest degree of accuracy possible.

» Taphonomic variables must also be taken into consider-
ation; seeing as abrasion, erosive agents, polishing and
rounding of bone surfaces can also be conditioning factors
in the preservation of cut marks and, in as such, their
morphology. This concept, however, is still being
experimented with, trying to see how erosive taphonomic
agents can affect cut mark morphology following experi-
ments carried out by Pineda et al. (2014).

+ Inaddition to this, it may be worthwhile annotating separate-
ly any qualitative features observable in each cut mark, fol-
lowing the criteria established by Dominguez-Rodrigo et al.
(2009) and extended by Juana et al. (2009). These separate
features may aid in the withdrawal of hypotheses as well as
the correct diagnosis of any of the cut marks that will be
processed through the techniques presented in this paper.

Conclusions

In conclusion, this paper presents a new three-dimensional
geometric morphometric study that permits the identification
of raw materials as well as the tool type used during butcher-
ing activities. This study provides statistical as well as exper-
imental data to support our methodological approach, also
implying a great deal of questions that can be confronted in
future studies and developments of this methodology. The
experimental results provide a possible starting point that
could be used to establish new models that can later be applied
to the archaeological record, alongside the photogrammetric
reconstructions and analysis of cut mark cross sections (Maté-
Gonzalez 2015, 2016). However, the taphonomical agents that
may have produced modification to these cut marks can ap-
pear so complex that the investigator(s) intending to carry out
our methodological approach are required to construct an ad-
equate statistical and referential sample for future compari-
sons. As a consequence of this, experimental samples have
to be developed and expanded upon in order for the results
of this research to be valid.

This article presents a strong starting point for future ex-
perimentation; however, needless to say, this methodological
approach has its limitations. Many variables that have not
been presented in this paper can also be considered for future
research questions. It also has to be considered how a combi-
nation of all of these variables can lead to complications in the
application of this approach to the archaeological record. This
can be overcome, however, with an extensive experimental
sample that covers all the possible conditioning variables pres-
ent within an archaeological site. A strong understanding of
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the site is thus essential in planning a study such as the one
presented within this paper.

As for the methodology, the current technology available in
this study could still be improved seeing how the resolution of
the laser scanner is still unable to successfully capture incon-
spicuous marks, superficial marks and some cases of tram-
pling. The constant improvements made to the quality of laser
scanners, however, alongside the work of researchers such as
Maté-Gonzalez et al. (2017a) means that the issues presented
with resolution may be overcome in the near future.

Analysing ancient hominid diets and hunting strategies is a
key component of understanding our evolutionary develop-
ment as a species. Studying faunal accumulations in this
way is another piece of the puzzle that describes the story of
how ancient hominid populations faced brutal living condi-
tions and survived while adapting to their surroundings in the
long journey that led to the conception of our species. The
methodological approach explained here introduces a possible
way of deciphering cognitive features such as lithic industry
production and associating the stone tool to its daily function.
By means of virtual reconstruction and geometric morphomet-
rics, it could be possible to raise key investigatory questions
that may help in painting a more detailed picture of the cog-
nitive capacity of the numerous species that came before us.
Through developing our methodological approach and
expanding our experimental sample—including different var-
iables such as carcass body/size, age at the death of the animal,
degree of use-wear—we can begin opening up numerous pos-
sibilities this field of research may provide and, more impor-
tantly, provide key information necessary to piece together
certain factors of our human evolution.
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