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Chapter 4
Reproduce to Understand: Experimental
Approach Based on Footprints in Cussac
Cave (Southwestern France)

Lysianna Ledoux, Gilles Berillon, Nathalie Fourment, and Jacques Jaubert

Abstract The morphology of a track depends on many factors that must be con-
sidered when interpreting it. An experimental approach is often required to under-
stand the influence of each of these factors, both at the time of the track formation
and after its formation. These aspects, which are fairly well documented for tracks
found in open-air settings, are much more limited for those found in karst settings.
Although caves are stable environments enabling the preservation of archaeological
remains, many taphonomical processes can alter the grounds and the walls. Based on
the observations made on footprints found in Cussac Cave (Dordogne region of
southwestern France), this study focuses on one of these natural phenomena and
tests the impact of flooding episodes and the resulting clay deposits on the track’s
morphology and topography. Our experiments show that although the general
morphology of footprints and some details such as digits are preserved, their
topography is altered by successive flooding episodes and clay deposits. The loss
of definition of the footprints due to flooding episodes can also lead to misinterpre-
tation. This work sheds new light on the Cussac footprints, while the further
development of such experiments will allow us to improve our results and apply
them to other settings and sites.
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Introduction

Tracks are among the most fragile and underestimated of archaeological remains, yet
they provide a valuable source of information on site frequentation. They are the
direct representation of a particular event in an individual’s life, the marker and proof
of human or non-human passage through a place. They offer an essential insight into
the biology, locomotion, behaviour or activities of trackmakers. In the absence of
other remains, tracks may even be the only elements enabling an exploration of the
frequentation of a site.

Over the last few decades, and recently, palaeoichnological studies have been
regularly conducted in open-air settings and have benefited from the development of
new recording and analysis techniques (Mietto et al. 2003; Berge et al. 2006; Webb
et al. 2006; Aramayo 2009; Bennett et al. 2009; Raichlen et al. 2010; Felstead et al.
2014; Ashton et al. 2014; Burns 2014; Bennett et al. 2016; Masao et al. 2016;
Panerello et al. 2017; Wiseman and De Groote 2018; Altamura et al. 2018; McLaren
et al. 2018; Smith et al. 2019; Moreno et al. 2019). In cave settings, they reached
their peak between the 1970s and the early 2000s but were less developed (Duday
and Garcia 1985, 1986; Garcia 1986). Human and non-human tracks have been
documented and studied in the caves of Niaux (Clottes and Simonnet 1972; Pales
1976; Garcia et al. 1990), Pech Merle (Duday and Garcia 1983), Foissac (Garcia and
Duday 1983), Aldène (Ambert et al. 2000; Ambert et al. 2001) and Chauvet Pont
d’Arc (Garcia 2001, 2005). Recently, interest in ichnology in the karst setting has
re-emerged among prehistorians, who have resumed the study of tracks in several
ornated caves such as the Tuc d’Audoubert (Bégouën et al. 2009; Pastoors et al.
2015; see Pastoors et al. Chap. 13), Pech Merle (Pastoors et al. 2017), Aldène
(Pastoors et al. 2015; see Galant et al. Chap. 15), Cussac (Ledoux et al. 2017;
Ledoux 2019), Fontanet (Pastoors et al. 2015; Ledoux 2019), Bàsura (Citton et al.
2017; Romano et al. 2019; see Avanzini et al. Chap. 14) and Ojo Guareña (Ortega
Martinez et al. 2014; see Ortega et al. Chap. 17).

Given the variety of factors that are likely to have impacted the morphology of
hominin tracks (from the biology of the trackmakers to the nature of the substrate
and taphonomic agents), experimental approaches have been developed, especially
over the last decade, inspired by the work done on non-hominin tracks (Sollas 1879;
Brand 1996; Gatesy 2003; Milàn and Bromley 2007).

The first studies were those conducted by Léon Pales, who observed variations in
the footprints of the same trackmaker according to the sediment and the foot
dynamic (Pales 1976). These works related to karst were pioneering and have no
equivalent in this type of setting. Subsequent experiments focused on the footprints
of early hominins in open-air settings and were developed within comparative and
functional perspectives. Since the year 2000, an increasing number of experimental
works have been conducted in response to the development of new tools (pressure
pad for the recording of plantar pressure and 3D surface recording techniques such
photogrammetry or optical laser scanning). The properties of the formation sediment
are also central (Pataky et al. 2008a; Pataky and Goulermas 2008; Pataky et al.
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2008b; D’Août et al. 2010; Crompton et al. 2012; Bennett et al. 2013; Morse et al.
2013; Hatala et al. 2013; Bennett and Morse 2014; Hatala et al. 2018; Zimmer et al.
2018). However, the potential impact of taphonomical agents remains poorly inves-
tigated and has been examined in open-air settings (Marty et al. 2009; D’Août et al.
2010; Bennett and Morse 2014; Roach et al. 2016; Panerello et al. 2017; Hatala et al.
2018; Wiseman and De Groote 2018).

Although varied in their objectives and contexts, these studies demonstrate that
our interpretations of tracks require a better understanding of both the formation and
the conservation setting. Each track is unique, and the objective of the ichnological
study is to understand the factors behind this uniqueness. Despite increasing interest
in the study of tracks in caves (Ortega Martinez et al. 2014; Pastoors et al. 2015;
Pastoors et al. 2017; Citton et al. 2017; Ledoux 2019; Romano et al. 2019),
ichnology in Palaeolithic caves is still little known and the formation and conserva-
tion context of these caves poorly studied. Here we present our first results drawn
from experiments focusing on the impact of flooding on human footprints. This
natural phenomenon has been observed in Cussac Cave (Ledoux 2019) and is
recurrent in the cave setting.

The Karst Setting

Formation

As with the open-air setting, the morphology of a track produced in cave depends on
the sediment and the trackmaker. Tracks are the result of the compression of
sediment in response to a constraint exerted by a trackmaker; the original morphol-
ogy of tracks therefore depends on both the trackmaker (locomotion, biology,
behaviour, etc.) and the formation sediment (physical and mechanical properties,
topography, etc.). Over time, this original morphology will be influenced by various
taphonomic phenomena (erosion, bioturbation, filling, etc.). The interpretation of
tracks must therefore be based first and foremost on a knowledge and understanding
of their setting.

However, a third parameter can influence this morphology: the geomorphology of
the karst. The movements and behaviour of trackmakers will then be highly depen-
dent on the topography of the ground and the morphology of the walls, the height of
the ceilings and the width of the network. Consequently, the resulting tracks will
have a particular morphology whose interpretation will also depend on how well the
trackmaker’s perception of the cave is understood.

While tracks found in open-air settings generally belong to trackways, those
found in caves are much more varied. Testimonies of intentional or
non-intentional actions, these tracks are characterized by complete (foot, hand,
knee, etc.) or partial (fingers, toes, heels, etc.) body segments. Often associated
with wall traces (torch, colour or clay marks), they are the result of a variety of
behaviours that are influenced either by the geometry of the cavity or by the activities
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that took place inside them (Bégouën et al. 2009; Pastoors and Weniger 2011; Arias
et al. 2011; Ledoux et al. 2017; Medina-Alcaide et al. 2018; Romano et al. 2019).

The surface soils of a cave may have different characteristics depending on the
area (various clastic sediment deposits with different sedimentary properties, calcite
deposits, etc.). It may therefore be difficult to attribute several tracks to a single
trackmaker if they are not produced in the same area, especially where isolated tracks
are concerned.

Preservation Context

The stability of caves makes them ideal environments for the preservation of the
most fragile archaeological remains, as is very well reflected in rock art. However,
despite their exceptional conservative properties, caves may be subjected to
taphonomical processes during their lifetime. These phenomena are varied and are
generally classified into two categories (Fig. 4.1):

• Natural phenomena including sediment fillings (various sedimentary deposits),
flooding, calcite deposits, erosion, desiccation, etc.

• Non-natural phenomena including trampling, track superimpositions,
excavation, etc.

The same track may have been altered by one or more of these taphonomic
processes. Therefore, the karst setting must be understood before the tracks can be
interpreted.

Cussac Cave

Contextual Setting

Discovered in 2000 by the speleologist Marc Delluc, Cussac Cave is located south of
Périgord in Dordogne (southwestern France). It opens onto a Campanian limestone
cliff on the right bank of the Belingou, a tributary of the Dordogne River. It extends
along some 1.6 km in a single sub-horizontal gallery divided into two parts: the
Downstream Branch and the Upstream Branch (Fig. 4.2). This particularly well-
preserved cave is characterized by parietal engravings and human remains deposited
in bear hibernation nests, both associated with varied traces of human and
non-human activity (Aujoulat et al. 2001, 2002, 2013; Fourment et al. 2012; Jaubert
et al. 2012; Henry-Gambier et al. 2013; Jaubert 2015; Ledoux et al. 2017). All
archaeological remains (art, charcoal, human bones) are attributed to human occu-
pation in the Middle Gravettian period (20–28 ka calBP) (Jaubert et al. 2017). Since
2008, a multidisciplinary team has been studying the cave in order to gain a global
understanding of the site. During the first few years of research, a pathway was
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marked throughout the cave, following the one first taken by the discoverer. The aim
of maintaining this single pathway is to ensure optimum preservation of the cave
floors and walls.

Tracks at Cussac and Taphonomy

Although the cave is very well preserved, the current floors are not exactly the same
as they were in the Palaeolithic. Consequently, few tracks have been clearly

Fig. 4.1 Examples of taphonomical processes occurring in karst settings; (a) human footprint
covered by clay deposits in Cussac Cave (Dordogne, France); (b) human footprint covered by
concretion in Fontanet Cave (Ariège, France) (Ledoux et al. 2017); (c) bear manus track
transformed into rimstone in Bruniquel Cave (Tarn-et-Garonne, France)
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Fig. 4.2 (a) Geographic location of Cussac Cave; (b) general topography of Cussac Cave and close
up of the part of the cave under study
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identified as human tracks. Several factors may explain this poor preservation of the
Palaeolithic cave floors (Ledoux et al. 2017; Ledoux 2019):

• Geological factors: after human occupation, the cave underwent various sedi-
mentary events which significantly damaged the floors (sedimentary deposits,
erosion, flooding, desiccation cracks, etc.).

• The omnipresence of bears in the cave. Bear tracks and human tracks are
superimposed in several areas.

• The restricted accessibility of some areas due to the conservation policy.
• The current pathway which is, in some areas, probably the same as the

Palaeolithic pathway.

As a consequence of these various taphonomical processes, most of the complete
footprints are isolated and often altered (Fig. 4.2). Below we present the experiment
carried out on the basis of one of these taphonomical phenomena, frequently
observed in caves: the overflow of the subterranean river. In some areas of Cussac
Cave, several flooding episodes occurred after human frequentation, covering tracks
with clay (Fig. 4.1a). Through a controlled experiment, we intend to test the impact
of clay deposits on the morphology and topography of footprints after flooding
episodes. Assuming that water and sediment affect the contours and the general
surface of the footprints, our purpose is therefore to follow the evolution of a
footprint from immediately after its formation to its covering by clay deposits.

Materiel and Methods

Experimental Protocol

Experimental footprints were made in a cohesive, firm and moist sediment that we
selected for its high clay content, similar to that of Cussac. It allowed for the
impression of an entire foot. This sediment was sampled from a cave in the
Dordogne region of southwestern France without any archaeological remains
(Table 4.1).

From this sediment, two types of formation surface were used: one of raw clay
with a moisture content of about 50% and one of raw clay covered with a second
level of clay that had settled after flooding (called the first decantation) (Fig. 4.3) and

Table 4.1 Grain size analyses of the sediment sampled in Cussac Cave and in the
experimental cave

Samples
Fine sand (%)
(500–63 μ)

Coarse silt (%)
(63–16 μ)

Fine silt (%)
(16–7 μ)

Clay (%)
(<7 μ)

Cussac 2.56 18.99 22.59 55.85

Experimental
cave

2.8 10.78 30.42 56
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with a moisture content varying between 60% and 70% (Fig. 4.3). Before creating
the second substrate, we tested the impact of different sediment loads (60 g/l, 80 g/l
and 100 g/l) from the first decantation on the morphology of the tracks.

Experimental footprints were made by two people: a female individual with a
height of 1.69 m, weighing 55 kg and with a foot length of 24 cm, and a male
individual with a height of 1.80 m, weighing 75 kg and with a foot length of 24 cm.
The footprints were made in boxes of identical dimensions: 50�40�25 cm.

The second step consisted in covering the footprints with water (1.5 l) that
contained a defined sediment load (called the second decantation). Based on the
scenario that the cave suffered several low-power floods, the first substrates of three

Fig. 4.3 Experimental steps
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sediment loads were arbitrarily selected and tested (20 g/l, 40 g/l and 60 g/l) to see
whether there were any noticeable differences after the last flooding episode. As the
second substrate was less cohesive and less stable, it was more difficult to control for
its properties. We therefore chose to keep the three sediment loads in order to
understand more broadly the variability of the footprints in this type of sediment.

A maximum of three flooding episodes were carried out for each footprint.
Finally, out of a total of 19 footprints, 8 were selected for the comparative

analysis. The remaining 11 are the tracks made when our experimental protocol
was established.

During the decantation process, the footprints were kept in a relatively stable
environment (21�C and 50–85% humidity according to the weather conditions
outside). The aim was to avoid excessively rapid drying and potential desiccation
cracks.

Descriptions, Metrics and 3D Models

After each step, the footprints were described in detail, distinguishing two aspects:
the general morphology, which concerns the shape and the outline of the footprint,
and its topography, related to its elevation and the state of its surface. In addition,
seven measurements considered as most indicative of the print morphology were
recorded: length 1 (distance between the most distal point of the hallux and the
most inferior point of the pternion), length 2 (distance between the most distal
point of the second toe and the most inferior point of the pternion), length
3 (distance between the most distal point of the forefoot and the most inferior
point of the pternion), digits width (distance between the most medial point of the
hallux and the most lateral point of the last toe), distal width (distance between the
most medial point and the most lateral point of the forefoot), middle width
(distance between the most medial point and the most lateral point of the longitu-
dinal arch) and proximal width (distance between the most medial point and the
most lateral point of the heel). They were photographed using a Nikon D7100 with
a 60 mm focal length lens. Then each footprint was 3D digitized using an Artec
EVA 3D light scanner 2013 (Artec Group, Luxembourg). This scanner uses the
structured light triangulation technique to reconstruct a 3D model of the footprint.
The accuracy achieved by this scanner is 0.5 mm at a working distance of 40 cm to
1 m, and the 3D resolution goes up to 0.1 mm. The scanner takes up to 16 frames
per second and transfers them to the Artec Studio software (Modabber et al. 2016)
which aligns the frames in real time.

Post-processing was performed on the Artec Studio 9 software, which recreated a
colour texturized 3D mesh.

The 3D models of the footprints at different moments of the experiment were
visualized and compared with CloudCompare (2.8.1.). We used part of the standard
protocol proposed by Falkingham et al. (2018) to record, present and archive our 3D
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data. The true colour image, depth map and contour map (range of 0.5 mm) were
therefore created for each footprint.

For the comparative analysis, clouds of each footprint were aligned using the
CloudCompare Align tool. The multiscale Model to Model Cloud Comparison
algorithm (M3C2) (Lague et al. 2013) was then used. It computes the local distance
directly between two point clouds along the normal surface direction. For each
distance measurement, it calculates a confidence interval based on the point cloud
roughness and coregistration error. This computation serves to evaluate morpholog-
ical 3D changes in surface orientation. These changes are expressed in colourized
texture from the reference point cloud.

Results

Formation Sediment and Flooding Sediment Load

Formation Sediment

The tests carried out in order to verify the impact of different sediment loads (60 g/l,
80 g/l and 100 g/l) from the first decantation on the morphology of the tracks do not
show any obvious differences between the footprints made on these three sediment
loads. Since the general morphology and topography did not seem to vary, we used
the average load of 60 g/l for subsequent experiments (Fig. 4.4a).

Flooding Sediment Load

No obvious differences were identified between the three sediment loads (20 g/l,
40 g/l and 60 g/l) tested on the footprints made in the first substrate, particularly as
regard the loads of 40 g/l and 60 g/l. The average load of 60% was therefore used for
subsequent experiments (Fig. 4.4b).

General Morphology

The original experimental footprints are well defined and complete, regardless of the
formation sediment and the trackmaker. The distal and proximal parts are the deeper
ones. Although the middle part is shallower, the medial longitudinal arch is generally
well defined. Digit prints are also easily distinguishable throughout our sample
(Figs. 4.5a, b, c, 4.6a, b, c).

Experimental flooding affects the footprints’ morphology in several ways. The
medial part of the footprint is the first to disappear after flooding episodes,
irrespective of the formation sediment and the sediment load. After the third
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flooding, this part is no longer visible on any print. The proximal part of the footprint
is the second part to disappear after flooding episodes. After the last flooding, this
part remains on two prints only. The distal part is the one that persists the longest
throughout the flooding episodes. Five footprints retain their distal part after the last
flooding. Within this part, the forefoot tends to be less visible more frequently than
the digits. The hallux is the most persistent of the digits (Figs. 4.5d, e, f, 4.6d, e, f).

Generally, the flooding causes a loss of definition of the contours of the prints,
which could have distorted the way they were perceived when measurements were
taken. However, the many flooding episodes only modify the dimensions of the
remaining areas by a few millimetres. For some footprints, the measurements of
certain areas were sometimes over- or underestimated (Table 4.2). The footprint
made by individual 2 in the second surface, flooded with water loaded with 80 g/l of
sediment, is very representative, with a length that varies by almost 4 cm between the
original experimental footprint and the remaining part of it after the first flooding
(Table 4.2).

Fig. 4.4 (a) Footprints
made on the second surface,
no obvious difference
according to the sediment
load used; (b) footprints
made in raw clay and
covered with clay deposit
after three flooding
episodes, no obvious
difference according to the
sediment load used
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Fig. 4.5 Footprint made in the first surface by individual 1 and flooded with water containing a
sediment load of 60 g/l; (a) first step, true colour image; (b) first step, contour map; (c) first step,
depth map; (d) third flooding, true colour image; (e) third flooding, contour map; (f) third flooding,
depth map; (g) M3C2 distance between the first step (original footprint) and the last step (after the
third flooding)
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Fig. 4.6 Footprint made in the second surface by individual 2 and flooded with water containing a
sediment load of 60 g/l; (a) first step, true colour image; (b) first step, contour map; (c) first step,
depth map; (d) third flooding, true colour image; (e) third flooding, contour map; (f) third flooding,
depth map; (g) M3C2 distance between the first step (original footprint) and the last step (after the
third flooding)
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Topography

Original Experimental Footprints

The original experimental footprints made in the second surface are deeper than
those made in the raw clay.

For the footprints made in raw clay, raised rims are observed around the margins
of the digits, between the digits and the forefoot and sometime in the proximal part of
the heel (Fig. 4.5a, b, c).

For the footprints made in the second surface, prominent raised rims associated
with sediment displacement around their margins are more common (Fig. 4.6a, b, c).

Table 4.2 Biometry of the experimental footprints (cm)

Surface SL I Step
FL
1

FL
2

FL
3

FW
distal

FW
middle

FW
proximal

FW
digits

First
surface

60 g/l 1 1 23.8 23 19.9 8.5 3.2 5.3 9.5

2 23.3 22.4 19.4 8.3 5.3 9.6

3 23 22.3 19.8 8.5 5.5 9.5

4 8.5 9.5

2 1 24.7 24.3 20.8 10 4.7 9.5

2 9.7 9.5

3 9 8.5

Second
surface

40 g/l 1 1 23.7 23.5 20.4 8.5 4.2 5.3 9.0

2 23.4 22.4 20.7 8 4.5 5.2 9.3

3 7 9

4 7 8.4

2 1 25.2 23.3 21 11.2 3.3 6.4 9.7

2 25.5 24.4 20.7 10.7 5.3 10.6

3 7 9

4 7 8.4

60 g/l 1 1 24 23.7 20.4 10.2 6.2 6.2 10.5

2 24.4 4.5

2 1 24 23.4 20 10.9 3.5 6 10.3

2 23 22.5 19.2 10.4 4.5 10.2

3 10.6 10.2

4 9.2 9

80 g/l 1 1 23.6 22.9 20 8.9 5.1 5.7 9.6

2 23.5 22 19.4 8.2 5 5.6 9.6

3 23.1 22 20.1 8.1 4.6 6.5 9.4

2 1 24.9 24 21.4 10.9 5.2 5.7 10.5

2 21.4 20.7 20 10.5 5.3 4.9 10.4

FL foot length, FW foot width, I individual, SL sediment load
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These pronounced raised rims and the lack of cohesion of this substrate sometimes
led to the detachment of sediment plates (Fig. 4.6a, b, c).

Footprint Evolution

Following flooding, the topography of the footprints was affected. The M3C2
algorithm allowed us to compare the surface changes of a single track between
two steps. This analysis reveals that footprints are filled up by clay deposits whose
thickness depends on the prints and the surface area of the prints (Figs. 4.5g and
4.6g).

For the footprints made in the first surface, the deposits that formed on the surface
never exceed 10 mm after the last flooding (Fig. 4.5g).

For the footprints made in the second surface, the infilling is more complex
(Fig. 4.6g). In addition to clay deposits, footprints are often filled up by detached
sediment plates; infillings can then reach 20 mm.

In both surfaces, the majority of the areas affected by the infillings are most often
the deepest, such as the forefoot, the digits and the heel. The relief of the margins of
the prints tends to decrease. Raised rims were flattened out and sediment plates
eroded (Figs. 4.5g and 4.6g).

All footprints lose definition after flooding episodes, and their margins are less
easily identifiable. In general, impressions made in the second surface appear to be
more markedly altered than those made in the raw clay (Fig. 4.6d, e, f, g).

Discussion

Our experiments demonstrate that low-power floods do not modify the general
morphology of the prints, regardless of the formation sediment and the sediment
load used. However, as highlighted by the M3C2 algorithm, their topography is
altered by the clay deposits and a reduction in the relief of their margins. Some
detached plates resulting from the erosion of raised rims may also fill up the
footprints, particularly those made in the second surface. This detachment and
displacement of sediment is likely caused by the lack of cohesion of the substrate
due to its high moisture content: the higher the moisture content of the sediment, the
less cohesive it is. It may also be due to the lack of cohesion between the two levels
of the second surface. These characteristics make the surface more fragile, and the
track may be modified during flooding. Therefore, flooding episodes contribute to
the loss of track definition, and the forefoot and digits are generally the most
persistent areas.

These experiments also highlight that the use of biometric data on footprints to
infer biological characteristics such as sex, age, stature or body mass remains an
uncertain exercise. The lack of track definition and the taphonomical processes can
lead to measurement errors of several centimetres. These results are consistent with
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previous taphonomic studies carried out on tracks found in open-air settings (Wise-
man and De Groote 2018; Zimmer et al. 2018). Based on the Holocene site of
Formby Point (North West England) for the former and the Pleistocene site Engare
Sero (Tanzania) for the latter, they perfectly illustrate and quantify the erosional
processes that occur immediately after track exposure. Both conclude that erosion-
related changes to tracks influence biological inferences. Previous studies have also
demonstrated the uniqueness of tracks and the crucial role of the substrate in which
they were formed (Pales 1976; Marty et al. 2009; Morse et al. 2013; Bennett and
Morse 2014). Furthermore, it is known that a single trackmaker could produce a
range of footprints with various morphologies according to the sediment on which
they were formed (Morse et al. 2013; Bennett and Morse 2014). It has also been
demonstrated that footprints are almost systematically larger than the feet that made
them (Pales 1976; Hatala et al. 2018). Additionally, most inferences are based on
modern reference populations. Regarding fossil tracks, there is no guarantee that the
reference population used is representative of past variability (Bennett and Morse
2014). Although inferences made on tracks should be used with caution, they
provide some insights for interpretation purposes. Experiments are therefore a useful
tool to approximate the original shape of a track as closely as possible and/or to
understand its alterations (Bennett and Morse 2014; Falkingham et al. 2018).

This work, based on observations made on the footprints found in Cussac Cave,
provides some insights into the taphonomical effects of flooding events on the
morphology and topography of footprints. Experiments based on taphonomical
phenomena are still limited and mainly concern tracks found in open-air settings
(Marty et al. 2009; Scott et al. 2010; Morse et al. 2013; Bennett and Morse 2014;
Roach et al. 2016; Wiseman and De Groote 2018). The major difference between
tracks found in open-air settings and those found in caves is probably the speed of
taphonomical processes affecting them. Studies of tracks found in open-air settings
have shown that a multitude of taphonomical processes (weather condition, biotur-
bation, properties of the sediment, etc.) preceded the burial and the diagenesis of the
tracks. Consequently, their morphology was rapidly altered (Marty et al. 2009; Scott
et al. 2010; Bennett et al. 2013; Wiseman and De Groote 2018; Zimmer et al. 2018).
Additionally, their exposure led to degradations (Wiseman and De Groote 2018;
Zimmer et al. 2018). Conversely, caves are stable environments allowing a high
degree of track preservation. While tracks found in caves may be altered, it is
assumed that they are disturbed less than those found in open-air settings. However,
our work has demonstrated that although the damage to the footprint does not
substantially alter its general morphology, its loss of definition or the destruction
of certain parts can lead to unreliable interpretation.

Our analysis was based on 3D data. These techniques have become crucial in the
study of ornated caves and are now replacing casts and other recording methods.
They are most often used for conservation purposes and to encourage ex situ studies.
They are also essential as they provide a precise picture of human and animal use of
caves (Ortega Martinez et al. 2014; Pastoors et al. 2017; Citton et al. 2017; Ledoux
2019; Romano et al. 2019). Here we used the M3C2 algorithm (Lague et al. 2013) in
order to quantify the surface changes to single footprints between each step. The
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same algorithm was used to quantify the ongoing erosion of the Engare Sero tracks
(Zimmer et al. 2018). So far, most of the tools developed in ichnological studies have
been based on the biomechanics of hominin locomotion. Consequently, these studies
are more focused on the nature of the formation substrate and its interaction with the
foot (Crompton et al. 2012; Morse et al. 2013; Hatala et al. 2018). While some tools
such as pedobarographic statistical parametric mapping (pSPM), based on the
comparison of pressure at the substrate-foot interface and footprint depth (Pataky
et al. 2008a; Crompton et al. 2012; Morse et al. 2013) or biplanar X-rays studying
the 3D dynamics at the foot-substrate interface, have focused on the formation of
tracks to infer foot anatomy or biomechanics data (Hatala et al. 2018), the M3C2
algorithm focused on the evolution of these tracks over time. The application of such
methods is then useful to complement qualitative observations and can help to
understand certain taphonomical processes such as erosion or sedimentation.

While the experiment presented here provides promising data on the impact of
clay deposits on the morphometry of a footprint, our sample was limited, and we
only explored and controlled a few parameters. Additionally, these parameters do
not necessarily extend to all caves and all tracks. The future integration of a larger
sample of tracks produced by a larger number of trackmakers, in a variety of
sediments combined with varied sediment loads contained in the flooding water,
will undoubtedly further substantiate our results. This would also allow researchers
to create reference tracks for each possible setting that could be used to study the
tracks of different sites. Many phenomena and their influence on the morphology
and biometry of tracks found in karst settings have yet to be documented: these
experiments are the first step in the development of more experimental work. The
creation of artificial flooding on the very limited surface of the box does not
accurately reflect the reality of the overflow of a subterranean river. It would
therefore be appropriate to carry out experiments directly in karst settings. One of
the advantages of laboratory experiments is that they make it possible to recreate
taphonomical phenomena in a very short time. However, the more complex the
phenomenon, the more difficult it will be to control. Although this requires much
more time, it would therefore be better to follow the evolution of tracks in real
conditions and also taking the geometry of the cave into consideration.

Our results demonstrate that flooding and subsequent clay deposits in some areas
of Cussac contributed to the lack of visibility of tracks. However, they do not explain
the lack of details in Cussac’s tracks. Only one complete footprint could be
interpreted as undoubtedly human in the submerged areas (Fig. 4.1a). Although its
outline is clearly visible with all the foot areas represented (forefoot, longitudinal
arch and heel), no detail is apparent. These experiments show that clay deposits did
not radically modify the morphology of the footprints and allowed the preservation
of certain details such as digits, regardless of the formation sediment and the
sediment load used. Additionally, the existence of low-power floods has been proven
at Cussac. Apart from the clay deposits and some desiccation cracks, the floor does
not seem to have suffered any other alteration. In our experiments, what seems to
have had the most significant impact is the lack of cohesion of the second surface due
to its high moisture content and its level of clay resulting from settling, causing the
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raising and displacement of sediment plates on the surface during water infiltration.
However, this phenomenon did not occur at Cussac. The next step will therefore be
to understand this lack of detail. Is it due to flooding or another taphonomical
phenomenon? In addition to flooding, the areas involved were intensively trampled
by bears, so discrimination between the two species is a challenge. By continuing
our experiments, we hope to improve the determination of the prints present in these
problematic areas.

Conclusion

As very few experimental works have been carried out in caves, this study will
emerge as original in this type of setting. It brings new data on the taphonomy of
tracks when they are subjected to flooding. Although flooding does not modify the
general morphology of the tracks, their topography is altered by successive episodes
and clay deposits. However, the loss of track definition and the taphonomical
processes can lead to unreliable interpretation and measurement errors of several
centimetres. Inferences on fossil tracks should therefore be made with caution. Our
experiments were based on taphonomical phenomena observed in Cussac Cave.
Although we do not yet have all the means to reliably interpret the tracks of Cussac, a
larger sample involving more parameters and in situ experiments will undoubtedly
allow us to refine our results and apply them to other caves.

Tracks are a significant testimony of the frequentation of caves by Palaeolithic
people and their ability to adapt to an unsuitable or even dangerous environment. It is
therefore essential to understand their history if we want to reconstruct past human
behaviour and activities in caves and in Palaeolithic societies.
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