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Abstract

One of the main objectives of Palaeolithic art researchers is to study and systema-
tise the form of artistic representations. Some methodologies include the analysis
of qualitative variables, linear measurements or the use of geometric morphometry
with landmarks. However, these techniques depend to a large extent on the subjec-
tivity of the researcher, which often leads to biased results. To overcome this issue,
we present an application of geometric morphometry using Elliptic Fourier Analysis
(EFA), together with multivariate statistics and hypothesis testing, for the first time
to the study of form in prehistoric art. In order to explain its use, the “duck-bill”
convention of pre-Magdalenian horses, often used as a chronological and geographi-
cal marker, has been used as a case study. This formalism is described disparately
in the literature, so the main objective is to use EFA to determine whether it is pos-
sible to characterise this type of convention according to the definitions given by
certain authors. The results indicate a possible classification of the heads of these
animals. Through this taxonomic proposal, it has been possible to verify the great
diversity of forms in which the authors classify the duck-bill horses and, therefore,
to demonstrate that this peculiar form can be considered neither a conventionalism
nor a chronological/regional marker. In conclusion, the methodology based on EFA
combined with multivariate statistics for the objective study of form in prehistoric
art is effective and opens a new avenue of analysis in the art of prehistoric societies.
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Introduction

Since the discovery of European Palaeolithic art in the nineteenth century, one
of the main objectives has been the description and formal study of the figures.
The results obtained have usually influenced the chronological ascription of the
motifs, as well as the interpretation of the art from a symbolic and cultural point
of view, especially with regard to the notion and evolution of “style” (Breuil,
1952; Graziosi, 1956, 1973; Jorda, 1964; Leroi-Gourhan, 1965). The authors who
approached this analysis established the basic guidelines for the study of these
Palaeolithic graphic manifestations based on three pillars that supported the con-
cept and meaning of “form” and “style” (Palacio-Pérez, 2017). First, the linear
and progressive evolution from a simple form to a more complex one. Second, the
importance of technical and formal innovations as the main driving force for pro-
gress. And third, the positive correlation between greater naturalism and greater
artistic skill. These criteria were used as true axioms, applying style as a funda-
mental factor of spatial and temporal discrimination (Domingo & Fiore, 2014).
Likewise, variables such as conventionalisms, proportion, type of perspective or
type of animation were used as indirect dating methods in the manner of fossil
directors.

Today, traditional chronostylistic frames, of which those of Breuil (1952) and
Leroi-Gourhan (1965) are the most widely used, have been overcome by the revo-
lution in direct dating of Palaeolithic art and the discovery of Chauvet (Clottes
et al., 1995; Lorblanchet & Bahn, 1993; Quiles et al., 2016). In addition to this, it
should be noted that Palaeolithic art shows tendencies that go beyond the search
for realism. Thus, schematic representations do not imply, as was thought in early
research, “backwardness” or “antiquity” (Apellaniz, 2004), as in the case of ibex
in frontal view or the Gonnérsdorf-type venuses of the Upper Magdalenian. Cur-
rently, the main interest in the analysis of form is the attempt to assess regional
connections rather than chronological periods (e.g. Fano & Rivero, 2007; Fuentes
et al., 2019; Garcia-Diez et al., 2015; Gonzalez Sainz, 2007; Honoré et al., 2019;
Petrognani, 2015; Rivero, 2010; Sauvet et al., 2014), although they still rely on
traditional variables such as perspective, animation, anatomical details, propor-
tion, outline or conventions of representation (e.g. Hernando, 2013, 2014; Petrog-
nani, 2009; Rivero, 2020; Ruiz-Redondo, 2014).

If one animal has been most important in the attempt to systematise and study
form, it is undoubtedly the horse, the most numerous figurative representation in
Palaeolithic art (Garcia-Bustos, 2021; Garcia-Bustos & Rivero, 2023; Groenen,
2007; Sauvet, 2018, 2019). Analyses of qualitative variables have been applied
to this motif, focusing on the outline and the presence or absence of anatomical
details such as the mane, eyes or ears. On the one hand, studies such as those
by Corchén et al. (2013), Corchén and Rivero (2010), Huard (2010), Petrognani
(2009), Petrognani and Sauvet (2012), Pigeaud (2004) and Villaverde (1994)
stand out, applied to specific cases such as La Griega, Las Caldas, Gargas, Las-
caux, Gabillou, Mayenne-Sciences and Parpall6, respectively, determining spe-
cific graphic morphotypes for certain sites or periods. But also others, such as
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those carried out by Buisson et al., (1996a, 1996b), Pigeaud (2005), Sauvet and
Rivero (2016), Schmid (1984), Rivero and Sauvet (2014) and Tosello (2003),
who propose global studies of form use this animal as an example.

Additionally, the measurements and proportions of equids have been the sub-
ject of various analyses with the aim of comparing the horses that lived in Pal-
aeolithic times with their hypothetical representatives today (Bernaldez-Sanchez
& Garcia-Vinas, 2019; Bourdelle, 1958) and thus determining the species (Bour-
delle, 1938; Capitan et al., 1924; Madariaga de la Campa, 1969; Prat, 1986). This
metric methodology has also been used to calculate the homogeneity of a graphic
set (Huard, 2007), to characterise the style, authorship and chronology (Apel-
laniz, 1990; Apellaniz & Calvo, 1999; Li6n, 1971; Pigeaud, 1997, 2000, 2007) or
to seek an explanation for the deformity of the outlines of equid representations
(Rouzaud et al., 1992).

However, there are two fundamental problems with all these studies. Either
they are based on qualitative variables whose definition is not always entirely
objective, or they present large numbers of proportions or measurements that
make it difficult to generalise the results. This paper introduces a new methodol-
ogy based on geometric morphometrics to analyse variation in the form of Pal-
aeolithic parietal and portable art, an innovative proposal aimed at overcoming
the prevailing chronostylistic criteria, many of which are based on subjective con-
siderations. In order to demonstrate its application, the analysis of a paradigmatic
example in the formal study of equid figures called the “duck-billed” muzzle has
been chosen as a case study.

~ WKy,

Fig. 1 Examples of duck-bill horses. At a glance, it is possible to observe the great variability with which
experts categorise this type of formalism (the orientation of the tracings has been modified). A Pair non
Pair (Delluc & Delluc, 1992). B Chauvet (Tosello & Fritz, 2004). C La Griega (Corchén, 1997). D Ard-
ales (Cantalejo et al., 2006). E Mayenne-Sciences (Pigeaud, 2004). F Parpall6 (Villaverde, 1994). G La
Pileta (Breuil et al., 1915). H Gargas (Barriere, 1976)
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Materials and Methods
A Case Study: The “Duck-Bill” Conventionalism

The conventionalism known as a “duck-bill” is a particular way of describing the
beak-like muzzle of equine depictions (Fig. 1). The term was coined in theory by
Breuil (Capitan et al., 1910) for the first time, although it does not actually appear
in the aforementioned work. The lack or loss of an initial definition, as already indi-
cated by Hernando (2013), has led to the proliferation of a variety of definitions,
with important differences between authors. As a result, there is currently a lack
of consensus on the definition of this graphic convention that generates as many
proposals as authors who write about it, and they sometimes differ significantly
(Table 1).

The importance of this stereotyped form lies in its use as a chronological and
territorial marker. In principle, the “duck-bill” was regarded as an artistic resource
typical of the Mediterranean Solutrean (Fortea, 1978) on the basis of the Solutrean
chronology of plaquettes at Parpall6 (Villaverde, 1994). The same chronology is
attributed to the representation of a “duck-bill” equid at La Pileta, assuming that the
figure is coeval with the aurochs dated to 20,130+ 350 BP (Sanchidrian et al. 2001).
Another case is Cosquer, where most of the figurative representations (including
horses with this formalism) are usually ascribed to its Solutrean phase, although
there are some problems derived from direct dating that make it difficult to clearly
ascribe them to the Solutrean or Gravettian (Clottes et al., 2005). We now know that
this conventionalism might date back to the Aurignacian, although the few exam-
ples that can prove it, such as Bouil-Bleu, are found in poorly characterised contexts

Table 1 Different authors’ definitions of the “duck-bill” conventionalism. All definitions have been trans-
lated except the one proposed by M. Lorblanchet

Author Definition

Moure et al “Head of elongated profile, with a rounded, downward pointing muzzle and a

(1991:56) rather pronounced jaw line.”

Villaverde “A markedly convex silhouette at the start, with a tendency to taper—one

(1994: 354) might say rather sharply—towards the nose, giving rise to a certain, rather
attenuated concavity, which helps to emphasise the duck-billed shape.”

Sanchidrian “A very sinuous jaw ending in a rectilinear muzzle that gives the figure a

(1994: 174) clearly flat appearance [...] with an arched maxillary-inferior outline [...]
giving a sensation of a globular protome.”

Pigeaud “The rounding of the ganache and the hollowing of the trough are accentuated,

(2005: 247) so that the tip of the nose protrudes and appears flattened, like the mitre of a
duck’s beak.”

Lorblanchet “An elongated and fine head, whose extremity is curved downward like that of

(2007: 215) a duck bill: the lips are well developed and droop down.”

Petrognani “Accentuated convexity of the jaw, pronounced ganache with more or less

(2015: 228) pronounced return of the tip of the muzzle: translation of a sinuosity passing

from the concavity of the muzzle to the convexity of the tip of the nose and
which may end in a point [...] or in a very rounded manner [...].”
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(Sauvet et al., 2013). What does seem more certain is its use during the Gravettian
period, although again we find no directly dated figures. The most cited example
is at Mayenne-Sciences where one of the horses with an open muzzle was dated to
24,220+ 850 and 24,900 +360 BP (Pigeaud et al., 2003). This chronology has then
been extended to the rest of the cave figures, including duck-bill equids. Chauvet,
Ardales and Croze-a-Gontran are other caves that house potential Gravettian repre-
sentations with this type of conventionalism (Hernando, 2014; Sauvet et al., 2013).

As for its geographical distribution, it is found in practically all the territories of
western Europe: from the south of Spain (Ardales, La Pileta), to the north and north-
east of France (Mayenne-Sciences, Margot, Gorges), via the centre of the Iberian
Peninsula (La Griega), the Cantabrian region in Spain (La Pasiega, Askondo), the
Pyrenees (Gargas), the Quercy (Roucadour), the Dordogne (La Croze-a-Gontran,
Pair-non-Pair) and the Ardeche (Chauvet, Cosquer) (Petrognani, 2015) as well as
in the open-air art of Siega Verde and Foz Coa. This is, therefore, a characteristic
example of the extensive geographical and chronological extension of a particular
type of representation in Palaeolithic art, a key to determining the existence of con-
tacts, albeit indirect ones, over long distances of more than 1200 km.

As we have tried to show, despite its relevance, the inaccuracy and lack of con-
sensus in the determination of this convention is evident, so the present study aims
to precisely define this formalism on the basis of a comprehensive study of the com-
plete outline of the horses’ heads. To this end, 287 representations covering five
regions have been analysed in order to determine whether or not this type of formal
convention exists and whether it is a determining factor in characterising a chrono-
logical period or a specific region.

GMM in Archaeology and Rock Art

Geometric Morphometric Methods (GMM) can be defined as “the scientific descrip-
tion of biological or medical shape variation and shape change” (Bookstein, 1996),
“a class of multivariate methods for measuring and analyzing the shapes of objects”
using Cartesian coordinates (Polly, 2018: 1) or “the analysis of size and shape
derived numerically from landmarks (topographically corresponding points) on bio-
logical/ nonbiological organisms”, where the shape can be either the whole object or
a specific part of it (Seetah, 2014: 3033).

This method, initiated in the 1980s and called traditional morphometry or mul-
tivariate morphometry for application in the field of biology (Adams et al., 2004),
consists of taking linear measurements (measures, angles or proportions) with the
aim of applying multivariate statistical analyses (Rohlf, 1999; Marcus, 1990; Rey-
ment, 1991; Rohlf & Marcus, 1993; Zelditch et al., 2012). Two sources of infor-
mation are used in geometric morphometrics: biological homology (biological ele-
ments of structures of individuals) and geometric localisation (2D or 3D spatial
configuration of biological structures of specimens) (Klingenberg and Monteiro,
2005). Once the data are obtained, a Generalized Procrustes Analysis (GPA) or Pro-
clustes overlay is performed to eliminate errors due to translation, rotation and scale
of the samples taken.
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Although the main field where this type of methodology has been applied is biol-
ogy, it is now used in other disciplines such as archaeology. The main examples of
its application in the latter discipline come from taphonomic studies for the recog-
nition of cut marks (Maté-Gonzalez et al., 2015), carnivore tooth marks (Arriaza
et al., 2017, 2023; Yravedra et al., 2017a, 2017b) or trampling marks for their char-
acterisation (Courtenay et al., 2019, 2020), thus facilitating the identification and
determination of different bone modifications. Likewise, it has also allowed the dif-
ferentiation in the use of different flint and quartzite materials through experimenta-
tion (Maté-Gonzalez et al., 2018), even developing specific software for their detec-
tion (Palomeque-Gonzalez et al., 2017).

The field of archaeobotany has applied this method for the examination of the
remains of plant species (Portillo et al., 2020), such as vine seeds (Terral et al.,
2010), date palm (Phoenix dactylifera L.) (Terral et al., 2012), cherry (Prunus avium
L.) pits (Burger et al., 2011) or olive (Olea europaea L.) pits (Newton et al., 2014),
including studies based on seed experiments before and after carbonisation (Charles
et al., 2015) in the case of barley (Ros et al., 2014) and wheat (Bonhomme et al.,
2017).

With regard to material culture such as lithic, bone, metallurgical or ceramic
industries, GMM provides information such as the chronology or functional charac-
ter of the site where these artefacts are found (Martinez-Carrillo et al., 2010). This
method has been incorporated in recent studies to compare lithic or ceramic assem-
blages from the same site (Hashemi et al., 2021; Wang & Marwick, 2020), examine
taxonomic variability (Matzig et al., 2021; Méndez-Quintas, 2022; Serwatka, 2015;
Vestergaard & Hoggard, 2019), analyse the diachronic evolution of artefacts (Cor-
tell-Nicolau et al., 2020; Hoggard et al., 2019; Loftus, 2022) or better understand the
manufacturing design, level of standardisation, degree of specialisation and possible
uses for which they were employed (Birch & Martindn-Torres, 2019; Chacén et al.,
2016; Timbrell et al., 2022).

In reference to rock art, studies that have applied GMM have been limited and
recent. This methodology has been applied to the analysis of dimorphism in Pal-
aeolithic hands, based on experimentation (Nelson et al., 2017), in the study of late
Holocene camelids from the Quebrada de Humahuaca (Charlin & Llosas, 2016) and
the recognition of camelid morphological variability in southern Pozuelos (Puna de
Jujuy, Argentina). But also in the identification of extinct fauna in Arnhem Land
rock art (Cobden et al., 2017) or the comparison of representations between Leang
Tumpuseng and Sulawesi rock art (Hayes and van den Bergh, 2018).

At the moment, the most common method for applying GMM in rock art is the
landmark technique. This is a study that calculates the variation of the samples taken
through a series of invariable points that act as anatomical references. These points,
known as landmarks, are processed by means of Procrustes Analysis, which is nec-
essary to be able to incorporate all the samples in the same Cartesian space. The
latter allows the application of a series of multivariate statistical analyses to reduce
variability and classify the samples into different groups. However, the use of this
methodology has certain drawbacks and disadvantages (Table 2). The most noto-
rious is the subjectivity in planning and choosing landmarks. By definition, these
points must be placed at locations that are continuously replicated in the sample for
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Table2 Comparison of quantitative methods used for the study of form in rock art

Measurement

Accuracy

Subjectivity

Optimising time

Useof complex
shapes

Linear measurements

-\\

Based on longitudinal lines of
the shape

It depends on the accuracy of
the archaeologist

It analyses the variation of the
area that has been measured

It depends on the location and
number of measurements taken
into account by the
archaeologist

It is necessary to perform all
measurements on each sample
used in the study

High level of difficulty in defining
measurement locations of the
form

Landmarks

Pre-selection of anatomical parts

It depends on the location of
points and their quantity

It analyses the variation of
selected points

It depends on the location and
number of anatomical references
taken into account by the
archaeologist

It is necessary to use tracings or
photographs and to place
landmarks in each of samples.

High level of difficulty in defining
key points of the form

Fourier

>

Based on the Fourier
transform of the whole contour

It depends on the number of
harmonies selected

It identifies the variation in all
its contours

It depends on the number of
harmonies chosen, although it
is an easily controllable
method

The use of tracings is
necessary but the contour can
be extracted automatically by

means of a function

Less difficulty by taking into
account the whole contour of
shape

use in the comparison. Unlike in the biological domain, in the archaeological field,
their selection might depend on the researcher and the type of sample. Also, the
level of complexity of the figures to be analysed can produce certain biases in the
precision of the analysis, especially if they are shapes with a high level of curves.

In an attempt to overcome this important limitation, this article presents an appli-
cation of Elliptic Fourier Analysis (EFA) on representations from Franco-Canta-
brian Palaeolithic art. This technique is based on Fourier transforms, a mathematical
tool by means of which it is possible to quantitatively decompose a geometric fig-
ure into functions known as harmonics (Bonhomme et al., 2014; Caple et al., 2017;
Crampton, 1995; Kuhl & Giardina, 1982). The outline of the figure is expressed in a
set of coordinates (x, y) in a 2D plane that can be mathematically processed to cal-
culate the four Fourier coefficients (a, b, ¢, d), a and b for the x-coordinate and ¢ and
d for the y-coordinate (Giardina & Kuhl, 1977). Ultimately, from these coefficients
(four for each harmony retained), it is possible to define the variability in the shape
of a set of samples through a series of statistical analyses.

This methodology has certain advantages over the use of landmarks, bearing in
mind that the samples must still be capable of being compared by means of repro-
ducible geometric characteristics (Cardillo, 2010; Crampton, 1995). Firstly, it is a
method in which the continuous function of the figure to be studied is taken into
account and not only key points that the researcher deliberately considers significant
for discretising the shape. Secondly, it involves a greater optimisation of time. By
using landmarks, the researcher must plan which common points should unite his
samples and proceed to incorporate them for the subsequent analytical study. How-
ever, with EFA, the contour as a whole is taken into account, and it is the subsequent
analysis that specifies which areas produce the most variability. Finally, with EFA, a
continuous and smoother representation of the sample is achieved as opposed to the
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greater rigidity and possible fragmentation of the landmark. In conclusion, with this
methodology, we obtain a greater ability to apprehend morphological variation and
fewer limitations when interpreting the factors that cause it (Table 2).

Tracing Digitalisation

For the study of equid heads, sites with cave or portable art from before 14,500 BP
were sampled. A total of 287 graphic units were collected (257 rock art and 30 port-
able), of which 237 came from sites in the Iberian Peninsula and 50 from France
(Fig. 2). Only the head has been taken as a sample because the conventionalism
only appears and refers to this anatomical part, so the rest of the body has not been
considered (Fig. 3). Those samples with an outline that is open in lines whose con-
tinuation is predictable, such as frontonasal straight lines, have been included in the
study. On the other hand, samples with an open outline where it is not possible to
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Fig.2 Sites whose Palaeolithic art is part of the created corpus

@ Springer



New Methods for Old Questions: The Use of Elliptic Fourier...

Fig. 3 Anatomical delimitation of the head in the tracings made on the art samples taken. A, B Theoreti-
cal delimitation of the head taken from a real horse (Modified photograph by Lars Schmitt/ CC-BY-2.5).
C, D Delimitation of the head tracing on a rock art sample (Photograph by J. Sanchidrian and tracing by
H. Breuil)

reproduce the continuation of the line, such as the muzzle or the mandible, were not
taken into account (Fig. 4).

Once the final corpus had been compiled, the next step was to trace the head
of each sample taken. To do this, Illustrator software was used, as meticulously
as possible when tracing the outline of the animal by hand. We have used both

f\ SR

B, D F
/ .(\é_-\\\ / \ e \
A C E G

/"’"‘\\ _ n -
TS TS R A

Fig.4 Examples of horses discarded in the study. A Pech Merle (Lorblanchet, 2010). B La Griega
(Corchén, 1997). C Roucadour (Lorblanchet, 2010). D Las Chimeneas (Echegaray, 1974). E Parpall6
(Villaverde, 1994). F Mayenne-Sciences (Pigeaud, 2004). G SiegaVerde (Alcolea & Balbin, 2006)
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bibliographical resources and photographs of the art sites we are investigating to
obtain these tracings.

The contours were then processed to obtain the morphometric variables using the
freely available software R (R Core Team, 2022), which allows the use of customis-
able code through a large number of predefined packages. We used the “Momocs”
package, which specialises in the study of outlines using EFA (Bonhomme et al.,
2014). As indicated in the introduction section, the use of landmarks to study shapes
in archaeology has certain disadvantages. For this reason, this technique, which
includes the complete outline, has been used for the first time to study Palaeolithic
rock art.

Once all the traces have been included in R, it is necessary to run a Procrustes
analysis, a step in which the proposal and part of the code of Smith and Kriebel
(2018) has been used. In this way, all the outlines could be homogeneously ori-
ented, scaled and rotated, thus eliminating the bias that these conditioning factors
could cause and definitively preparing the samples for statistical analysis. After hav-
ing described each contour as a list of coordinates (x, y), four reference points were
positioned to align all the samples and apply the aforementioned Procrustes analy-
sis. In this section, it was also important to choose the number of harmonics to be
used in the statistical tests. This is an important step since the number of harmonics
selected must be manageable for the researcher but at the same time sufficient to
retain the optimum information to ensure reliable results. As a sine wave describ-
ing a shape breaks down into harmonics, the harmonics lose power and convey less
and less information. To assess this process, we have examined a cumulative power
graph represented in boxplots.

Statistical Analysis

To examine the shape variability, a Principal Component Analysis (PCA) was per-
formed on Fourier coefficients, a dimensional reduction technique that facilitates the
possible interpretation of the data (Lopez-Roldan & Fachelli, 2015). We also applied
a cluster analysis to the total set of principal component scores using the Euclid-
ean distance and the Ward method as a grouping system (L6pez-Roldan & Fachelli,
2015). The Euclidean distance, the type of distance most used with quantitative vari-
ables, is the shortest line that joins two samples in the graphic space created. The
Ward method is used to create groups that are as homogeneous as possible, to mini-
mise internal variance. In summary, the multivariate analyses were applied to iden-
tify the most objective commonalities between the analysed samples.

The clusters created are then analysed in greater depth using three other tech-
niques; some also included through different functions in the Momocs package.
First, a grid deformation map through isolines (fps_iso) and a graph of the differ-
ences between the average shapes (coo_ruban) as it has been used in other works
(e.g. Jeanty et al., 2024). These functions are a first approximation to locate intui-
tively and visually the parts of the outline that a priori contribute most to creating
the mean shapes of equine heads.
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Next, an attempt was made to test more objectively for significant differences
between the clusters. To do this, the PC scores were used as the data to be analysed,
testing whether they follow a normal distribution in order to choose the most appro-
priate test. In addition, a linear discriminant analysis (LDA) was used to validate the
results of the cluster analysis and evaluate its effectiveness. In this way, it will be
possible to determine whether the samples forming each of the four groups can be
well distinguished from the samples of the rest (Cortell-Nicolau et al., 2020; Matzig
et al., 2021; Timbrell et al., 2022).

Finally, following the work and methodology of Wang and Marwick (2020), the
coefficient of variation (CV) was used to analyse the degree of standardisation of the
samples according to certain variables such as the geographical region, the type of
deposit, the technique used or the groups created by the cluster analysis (Eerkens &
Bettinger, 2001; Krishnamoorthy & Lee, 2014). For this purpose, the first four prin-
cipal components have been used as variables of the shape of the samples (Hoogard
et al. 2019, Loftus, 2022). These principal components have also been normalised
between 0 and 1 to be as informative as possible. A low CV means a high degree of
standardisation and vice versa. To compare whether there are significant differences
in the CVs of the variables, the Modified Signed-Likelihood Ratio (MSLR) test and
the asymptotic test were used (Wang & Marwick, 2020; Loftus, 2022).

100 -

75-

50-

Cumulative sum harmonic power

- -

h1 h2 h3 h4 hs h6 h7 hs h9
Harmonic rank

Fig.5 Cumulative power of harmonics. As can be seen, as they increase, the information they provide is
reduced increasingly. From seven harmonics, it is possible to retain 99% of the outline
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Results

For the application of this methodology, we have chosen to extract up to seven
harmonics, enough to retain more than 99% of the information with which to
analyse the outline of the pre-Magdalenian horses (Fig. 5). With this number of
harmonics, a PCA has been created obtaining 28 components in total, which is
the result of multiplying the seven retained harmonics by the four Fourier coef-
ficients. The first component explains 47.7% and the second component 24.5%,
giving a total inertia of 72.2% (Fig. 6A and 6C). In an attempt to complement
the analytical study, the third and fourth components have also been consulted,
although their impact on the graphic distribution accounts for only 8.4% and
6.7%, respectively.

1
h
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Fig. 6 Graphic summary of the results of the multivariate analysis. A PCA of the first two dimensions
(72.2%) created on the coefficients in the Fourier matrix. B Cluster analysis applied to the PCA with
Euclidean distance and Ward method, which divides the corpus into four possible groups. C Forms cre-
ated as a function of the first four components that explain the variation in the outline in the order of the
largest percentage contribution. First component: vertical length of the back of the head. Second compo-
nent: accentuation of the frontonasal or maxillary line. Third component: deviation of the muzzle. Fourth
component: muzzle breadth. The samples that most contribute to the creation of these forms are shown at
the end of each component line
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The first component explains the variation according to the opening of the back
part of the animal’s head. The second component emphasises the accentuation with
which the frontonasal or maxillary line is marked in exclusion of each other. The
third component explains the variation in the deviation of the muzzle, from a down-
ward to a more upright orientation. Finally, the fourth component indicates the width
of the muzzle from narrower to more rounded, globular head shape. This technique
reveals the first aspect to take into account: the main differences in the samples are
related more to the shape of the head in posterior anatomical areas (transition to the
neck, final frontonasal line and maxillary line) than with the type of outline with
which the animal’s muzzle was represented.

Through a cluster analysis applied on the principal component scores, it has been
possible to classify the head shape of the pre-Magdalenian equids into four groups
(Fig. 6B). The first and third groups, which are the most numerous, can be divided
along the Y-axis. Similarly, the second and fourth clusters can be divided along
the X-axis. In this way, the epicentres of distribution of each cluster are marked in
each quadrant. Throughout this clusters, it has been possible to extract four average
shapes (hereafter “morphotypes”).

The first model is characterised by a rather oblique frontonasal and maxillary
line, with a broad muzzle. The second morphotype in comparison is represented
by a less pronounced jaw drawn along the entire lower line of the head, result-
ing in a narrow muzzle. In contrast to the latter, the third morphotype has a less
oblique frontonasal line, with a more pronounced jaw towards the end of the head
and an even narrower muzzle. The last model arises from a combination of the

Morphotype Morphotype Morphotype Morphotype
1 2 3 4
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Fig.7 Comparison of the average shapes by means of a grid deformation map using isolines (for the
whole head) and a graph of the differences between the average shapes (for the contour). A warmer col-
our, such as red, indicates more marked deformations
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Table 3 Summary statistics for the PERMANOVA test

Df Sums Of Sqs Mean Sqs F. Model R2 p-value
Ward 3 1.3020 0.43401 74.147 0.44009 <0.0001
Residuals 283 1.6565 0.00585 - 0. 55991 -
Total 286 2.9585 - - 1.00000 -

Table 4 Summary statistics for

o Pairs Df Sums OfSqs F.Model R2 p-value  p-adjusted
the pairwise PERMANOVA test

-2 1 0234 49.411 0277 <0.05 <0.0006
-3 1 1012 145846 0436 <0.05 <0.0006
14 1 0258 52.284 026 <0.05 <0.0006
2-3 1 0411 59.833 0.309 <0.05 <0.0006
24 1 0.258 70.212 0428 <0.05 <0.0006
34 1 0.193 28.424 0.156 <0.05 <0.0006

frontonasal line and the jaw of this third morphotype, but slightly more oblique,
and a muzzle with a wider opening. The four models found have an unequal
percentage of occurrence, with the third head type standing out above the rest
(34.1%), followed by the first (32.4%), the fourth (20.2%) and the second (13.2%)
(Fig. 7).

To determine whether these results are statistically relevant, i.e. whether the
groups are objectively different, a comparison of samples test was applied. To do
this, we determined whether the principal components followed a normal distribu-
tion. First, it has been observed through a Q-Q plot (Fig. S1-S2) that the data fit
well to the normal distribution. However, the Kolmogorov—Smirnov test (with Lil-
liefors correction) shows that not all principal components follow a normal distribu-
tion (Table S1). Therefore, the data have been treated with a non-parametric method
to be as rigorous as possible. As has been done in other studies (Falcucci & Pere-
sani, 2022; Matzig et al., 2021; Radinovi¢ & Kajtez, 2021; Rossini et al., 2022), we
used a Permutational Multivariate Analysis of Variance (PERMANOVA) on the 28
principal components and a p-value estimated on 10,000 permutations. A pairwise
PERMANOVA using Euclidean distance and with Bonferroni-corrected p-value
was also used to find significant differences.

The PERMANOVA results indicate that there are significant morphological dif-
ferences between the four groups (Table 3), as well as in all cases of the pairwise
comparison with a p-value <0.05 (Table 4). To corroborate this results, an LDA was
then applied, a test that returns a formula with which the program tries to correctly
classify the samples into their respective morphotypes. For the first morphotype, it
correctly classified 85%, for the second 89%, for the third 85% and the fourth 79%
(Fig. 8). Although there are sample transfers from one group to another, especially
in the fourth case, in the form of a global computation, the validation of the mod-
els using this last methodology returns an 84.7% accuracy rate (243/287). All this
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Fig.8 LDA of the samples taken. A Graph showing the classification of the samples into their respec-
tive groups. B Table showing the percentage of success for each morphotype, giving an overall result of
84.7% success in the classification

indicates that the use of this morphometric technique is effective and can be used for
future formal studies in rock art.

As for the study of these morphotypes, we finally believe that it is important to
assess the intra-group variability, i.e. whether each group has very different sam-
ples. Although the PCA graph can give us a clue as to the level of homogeneity of
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Fig.9 Violin plot showing the distribution of PC scores normalised from O to 1 as a function of the
groups formed by the cluster analysis. The coefficient of variation (CV) is shown next to each distribu-
tion

the shape according to the dispersion of each group, thanks to the CV applied to
the first four components, we can observe two important aspects (Fig. 9). Firstly,
morphotype no. 2 is the one with the least intra-group variation, with a CV always
below the rest and in almost all cases with significant differences (Table S2-S3). On
the other hand, a greater variability is observed in the morphotype 3, which, except
for PC2, is the most variable group of all. From this, it can be inferred that it groups
formally more disparate samples than in the other cases. At the geographical level,
certain aspects of these formal models should be highlighted.

The CVs indicate little standardisation depending on the type of site (Fig. S3),
although it increases in the case of outdoor art motifs for the first component (26%)
and the fourth (29%), being statistically significant in the latter case (Table S4). This
is reflected in a formal tendency that they share in open-air sites: broad head and
round snout, similar to what is illustrated in morphotype 1. Precisely, if we study
the proportion in which the morphotypes appear according to the type of site, we
can observe that the first morphotype is over-represented in open-air sites in the

Table 5 Proportions of the four morphotypes by archaeological site type. Red indicates the significant
proportion above the expected and in blue the significant proportion below

Deposit Morph. 1 % Morph. 2 % Morph. 3 % Morph. 4 %

Open-air 40/98 40.8% 13/98 13.2% 25/98 25.5% 20/98 20.4%

Cave 53/189 28% 25/189 13.2% 73/189 38.7% 38/189 20.1%

p-value 97.15% 0.8% 97.36% 4.78%
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west of the Iberian Peninsula (p-value=97.1%). In this sense, only three sites
(Foz Coa, Siega Verde and Domingo Garcia) account for around 40% of this first
model, with the Portuguese site standing out with 22.4%. Furthermore, compared
to open-air sites, the representation of morphotype no. 3 is more common in caves
(p-value=97.4%), as can be seen in a nucleus of samples taken from Ardales, Rou-
cadour, Parpall6, La Griega and Gargas, among others (Table 5).

These results may indicate a relationship between the type of site and one of the
styles with which the horse was represented. However, we must not forget that there
is a diversity of head types in both types of sites and these “preferences” must be
taken only as trends.

Another similar analysis has made use of macro-geographical zones defined
based on a geographic division and the distance between site clusters: the Medi-
terranean coast, the interior of the Iberian Peninsula, the Cantabrian region, the
Dordogne, the Pyrenees and the Ardeche. Before presenting the results, something
fundamental must be considered. In this work, we have used as many samples as
possible, but these samples are very limited in archaeology and, particularly, in Pal-
aeolithic art. For this reason, there may be regions where it has not been possible to
collect a high number of samples, which could lead to biased results of which we
are fully aware. Nevertheless, we have carried out this regional analysis as a first
exploratory study that can be improved over time.

Excluding both the Ardeche and the Pyrenees because of their low representative-
ness, in general, we find a poor standardisation in all regions, although the Canta-
brian region is particularly noteworthy, with 25 - 30% between the four components.
Likewise, we also found no significant differences comparing the CVs between the
regions (Table S5-S6). From this, it can be inferred that the equine head is repre-
sented in a variety of forms within the same region.

However, we can observe whether there is an over- or under-representation of
a type of morphotype according to the region. Comparison using the Z-score test
considered the proportion of each morphotype with its overall proportion in each
territory. The results indicate that the first three head types are over- or under-
represented in three different areas. Starting with those with the lowest numbers,
the Mediterranean coast and Aquitaine show a small number of morphotype no. 2
(p-value =97.3%) and morphotype no. 1 (p-value=96.9%), respectively. In contrast,
the areas where there is a higher number than expected are the Cantabrian region
with the first morphotype (p-value=97.7%) and Aquitaine with the third morpho-
type (p-value =96.2%) (Table 6).

In short, this study shows it is possible to analyse form in Palaeolithic art and
to establish more objective classifications than those currently proposed. Through
this analysis, it can be shown that the greatest variability in the shape of the head of
pre-Magdalenian equids lies in two variables: the vertical length of the back of the
head and the pronunciation of the jaw or the end of the forehead. Although the angle
and breadth of the muzzle are factors to be considered, their contribution to creat-
ing significantly different groups is very small. As we can see, there are significant
results if we take into account the type of site and the geographical area. From a ter-
ritorial point of view, we can only speak in terms of preference and not exclusivity
of a model, since the representation of one form or another does not eliminate the
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Table 6 Proportions of the four morphotypes in each region. A significant proportion above the expected
percentage is indicated in red and a significant proportion below in blue. The Ardeche and the Pyrenees
region have not been included because of their small number and the possibility of distorting the result

Region Morph. 1 % Morph. 2 % Morph. 3 % Morph. 4 %

South-East 21/74 28.4% 3/74 4.1% 31/74 41.9% 19/74 25.7%

Inner Iberia 43/119 36.1% 23/119 19.3% 32/119 26.9% 21/119 17.6%

Cantabrian 22/44 50% 4/44 9.1% 12/44 27.3% 6/44 13.6%
Aquitain 4/30 13.3% 3/30 10% 16/30 53.3% 7/30 23.3%
Global 93/287 32.4% 38/287 13.2% 98/287 34.1% 58/287 20.2%

possibility of finding other types of heads. In addition, the shape and the style of
this anatomical segment do not allow us to delimit cultural areas. We could hypoth-
esise that the artist’s preference for depicting one type of head could also respond to
chronological variables which, however, cannot be detected in the absence of direct
dating of the motifs. Ultimately, a possible classification of this anatomical part is
presented, which can be used for cataloguing purposes and can be improved as more
specimens are added.

Discussion: The “Duck-Bill” Muzzle Conventionalism Through EFA

Palaeolithic art is characterised by thematic, technical and formal homogeneity.
However, it was not until the Middle Magdalenian that this reached its zenith. Dur-
ing the Pre-Magdalenian period, the conventions of representation followed less
strict norms than those observed from the Middle Magdalenian onwards (Petrog-
nani, 2015; Sauvet, 2014). This resulted in a greater variety of art forms that gradu-
ally diminished and became restricted from generation to generation through mecha-
nisms such as apprenticeship (Rivero, 2010, 2016). Although conventionalisms are
factors that fossilise form, it is possible that they are sometimes simply attempts by
the archaeologist to systematise and organise the accumulated information used to
interpret form and style in a more objective way. To further explore this aspect, we
analysed the morphotypes from the previous analysis to determine if the “duck-bill”
convention, as defined in the literature, is discernible. This will help establish if it
can still be used as a fossil director of the pre-Magdalenian phase in both portable
and parietal art or we should use it with more caution.

The aspect that most closely resembles what authors refer to as the duck-bill in
our study is reflected in the first, third and fourth principal components beyond a
standard deviation of — 1.5 (Fig. 10). These three components precisely explain the
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Fig. 10 Diagram of the morphological features of a “duck-billed” conventionalism according to some of
the researchers’ definitions. Above, the shape that explains the PCA. Below, an archaeological example
that has been documented as a duck-billed horse. From right to left: Ardales (Cantalejo et al., 2006), Gar-
gas (Barriére, 1976) and Cussac (Feruglio et al., 2019)

variation of the average form with some of the features of this convention according
to some authors (Moure et al., 1991; Villaverde, 1994): a short distance between the
end of the frontonasal and maxillary, the muzzle directed downwards, and a narrow-
ing between the lip and the jaw. However, this does not prove its characterisation
as conventionality. Only when a large group of samples sharing these anatomical
traits can be isolated or grouped together can the existence of such formalism be
discussed.

In the principal component analysis, samples described by the authors as having
a duck-bill have been identified. As shown in Fig. 11, samples with this convention
in all four factorial dimensions typically extend along the X-axis, always overlap-
ping with the group of samples that do not have a duck bill, indicating the enormous
morphological variability of this type of formality. This is the case, even taking into
account the first, third and fourth components (Fig. 11B, 11C and 11F), which, as
mentioned above, are in principle the most similar forms to those defined by the
authors. If it were a formal norm, all samples would have to be constrained and clus-
tered in a particular place in the factor space, which is not the case. The difficulty of
defining the duck-bill as a conventionalism is also demonstrated by the LDA, which
only identifies 59% of the samples with a duck-bill.

All this leads us to consider the morphological inaccuracy when cataloguing
representations with this type of muzzle. A conclusion also reached by Hernando
(2013) who, using a homogeneity index with qualitative variables, points out that
the samples referred to by various authors as duck-bills actually display marked ana-
tomical dissimilarity.

The results of this homogeneity index are also reflected in our study from other
points of view. Firstly, if we look at the calculated CV (Fig. 12), the samples that
present the conventionalism have a low degree of standardisation (48-33%) in
the first four components. The difference in standardisation between samples that
show the conventionalism and those that do not is significantly different only in
PC1 and PC3, where the CV of the samples with “duck bill” is also higher (44%
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Fig. 11 PCA of the pairwise combination of the first four components as a function of the presence
(black colour) and absence (red colour) of the duck-bill formalism in the samples taken. In all cases, both
groups appear widely overlapped, showing the lack of difference between the sets if we take the presence
or absence of this formalism. A Components 1-2. B Components 1-3. C Components 1-4. D Compo-
nents 2-3. E Components 2—4. F Components 3—4

and 48% respectively) (Table S7). And secondly, as can be seen in Table 7, in
the four morphotypes detected, there are at least three samples that present this
type of conventionalism, other proof of the variability of this formalism. How-
ever, the number found in morphotype no. 3 is particularly noteworthy. A Z-score
test applied for each pair indicates that the percentage of duck-bill morphotype 3
is statistically significant (p-value <0.05).
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Fig. 12 Violin plot showing the distribution of PC scores normalised from O to 1 depending on the
absence or presence of the “duck-bill” conventionalism. The coefficient of variation (CV) is shown next
to each distribution

Table 7 Proportions of the presence and absence of the duck-bill conventionalism in the four morpho-
types

Duck-bill ~ Morph. 1 % Morph.2 % Morph.3 % Morph. 4 %
Yes 9/93 9.7% 3/38 7.9% 33/98 337%  4/58 6.9%
No 84/93 90.3%  35/38 92.1%  65/98 66.3%  54/58 93.1%

Fig. 13 Division by means of different criteria of the samples that make up morphotype no. 3. A Divi-
sion on the basis of cluster analysis, which seeks to create as homogeneous sets as possible. B Division
according to the presence (black) or absence (red) of the duck-bill convention in the samples

Trying to go deeper into the possibility of discerning the characteristics that
may distinguish the “duck-bill” muzzle, the same method has been replicated but
only on the samples that make up group three, where most of the samples with this
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formalism are concentrated. The PCA and cluster analysis show the possibility of
clearly distinguishing two subgroups separated by the second principal component
(Fig. 13A). The first subgroup consists of 35 samples, of which 16 are duck-billed
horses, while the second subgroup consists of 63 samples, of which 17 have such a
conventionalism. The Z-score test indicates that the differences in this distribution
are not significant (p-value>0.05). If we disregard the partitioning of the cluster
analysis (which seeks to create groups that are as different as possible) and instead
differentiate two groups according to the presence or absence of duck-bill, it is even
more complicated to distinguish graphically between the two sets (Fig. 13B). In this
latter case, it would only be possible to discern some extreme cases, since most of
the samples overlap with the group of cases without “duck-bill” head.

To sum up, the results that have been shown call into question the distinction of
the duck-bill as a conventionalism on the basis of the definitions that can be found in
the literature. In other words, we conclude that the way in which the conventional-
ism has been defined up to now is dependent on the interpretation of researchers,
an aspect that other authors have already highlighted (Hernando, 2013; Villaverde,
2017).

Three arguments support that conclusion. First, it is a type of shape that is present
in all the groups that multivariate analysis has differentiated. If we take into account
that these techniques seek to create sets that are as different as possible, the char-
acteristics of the duck-bill head are not significant in the morphological study and
the subsequent partitioning of the cluster analysis. Besides, although most of the
samples with a duck-bill muzzle are included in morphotype no. 3, they coexist with
other types of muzzle that differ completely from this conventionalism. This cor-
roborates the difficulty in defining this formalism, whose morphological character-
istics are described by the authors in a subjective and widely variable way. Finally,
as the CV shows it cannot be concluded that the two main variables with which a
priori it is possible to distinguish the four morphotypes described (amplitude of the
beginning of the neck and muzzle and the accentuation of the jaw or the frontonasal
line) are determinant in the definition of the conventionalism. Nor if we consider the
third and fourth components centred on the variation of the muzzle, considering its
minimal impact on the differentiation and grouping of the samples.

All this leads to an important conclusion: it is not possible to consider the duck-
bill as a type of equine head or conventionalism, but as a set of independent ana-
tomical features that all horses could have. For this reason, it is impossible to isolate
a general model representing the so-called duck-bill muzzle.

Conclusion

The analysis of form has been an object of study since the discovery of prehis-
toric art. However, it is extremely difficult to approach its study from an objective
point of view. Many analyses have tried to propose a research method based on
linear measurements (e.g. Apellaniz & Calvo, 1999; Lién, 1971; Pigeaud, 1997,
2000, 2007) or to characterise form depending on the description of qualitative
variables (e.g. Corchdn et al., 2013; Petrognani & Sauvet, 2012; Sauvet & Rivero,
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2016; Tosello, 2003; Villaverde, 1994). Similarly, few attempts have been made
to use geometric morphometry and the vast majority use the landmark technique,
with all the disadvantages that this entails (e.g. Charlin & Llosas, 2016; Cobden
et al., 2017; Nelson et al., 2017).

This paper opens the possibility of applying Elliptic Fourier Analysis (EFA)
to rock art in general and Palaeolithic art in particular. This method is currently
the only way of objectifying the study of form and offers advantages that can-
not be achieved by the other techniques described above. However, it also has
certain limitations, mainly the obligatory reproducibility of the part of the entity
to be analysed or the need to have somewhat advanced notions in the creation of
codes and statistics. Nevertheless, this study, focused on the head outline of pre-
Magdalenian equids and on the duck-bill conventionalism, shows that this type
of application can provide excellent results that enable both the proposal of new
ideas and the correction of more traditional ones.

The complete study of the shape of the head of these animals has followed a
methodological protocol that has already been applied to other types of archaeo-
logical remains such as pottery, lithics or seed remains. Its application has not
only made it possible to study the variables that best explain the differences
between the heads of the pre-Magdalenian equids or to propose a possible clas-
sification of the latter but also to address an important issue within the discipline,
namely the need for rigour when using “conventionalisms” as a method of analys-
ing figures.

Anatomical characteristics, which can be defined as a recurrent formal pecu-
liarity, have been repeatedly used by researchers not only to analyse the style of
figures but also to locate, geographically and above all chronologically, the docu-
mented graphic units that present the conventionalism. Of all these, the so-called
“duck-bill” stands out, a trait that Palaeolithic horses display in their muzzles and
that is usually dated to the pre-Magdalenian period. In principle, this is a formal
peculiarity that is easy to recognise. However, the definitions of different authors
do not converge in a single model, leading to a wide variety of forms that are
regarded as a duck-bill muzzle.

From the morphometric analysis, we can conclude that this conventionalism
is indeed highly variable and that it is not possible to define a single model to
serve as a paradigm. In this situation, we should redefine what can be considered
a duck-bill or stop using it as a chronological and spatial marker of the Palaeo-
lithic representation under study.
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