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ARTICLE INFO ABSTRACT

Editor: Dr. Howard Falcon-Lang Newly discovered tetrapod footprints from the middle Permian Pelitic Formation of Gonfaron (Le Luc Basin,
Var, France) are described in detail and assigned to the ichnogenus Hyloidichnus. These specimens are very
well-preserved, with detailed trackways showing anatomical features, digit drag traces and continuous tail
impressions. Together with other Hyloidichnus specimens from the same locality and from the University of
Burgundy collections, they allow the identification of the possible trackmakers of Hyloidichnus: small Hy-
loidichnus footprints are correlated with captorhinomorphs with autopodia similar to Captorhinus whereas
large Hyloidichnus footprints might be correlated with larger captorhinomorphs or other ‘basal’ (eventually
stem-) moradisaurines. A detailed comparative analysis is proposed to better understand the locomotion
style of the trackmakers. Starting from the reconstruction of the stance phase of Captorhinus, we document
the swing phase of the fore- and hind-limbs of captorhinomorphs thanks to the continuous digit drag traces
associated with Hyloidichnus. A link between gait and track preservation have been highlighted through the
analysis of tail impressions and high-resolution 3D models. In all, this study increases our understanding of
captorhinomorph locomotion and enhances the integration of both tracks and skeletal remains to highlight
the biomechanics of Permian tetrapods.
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Ichnology

1. Introduction Voigt et al., 2007; Marchetti et al., 2019a, 2020a; Mujal and Marchetti,

2020; Mujal and Schoch, 2020). To render these studies possible, well-

Fossil footprints provide qualitative and quantitative information
on anatomy and behaviour of ancient tetrapods. This includes valuable
data on, for example, functional morphology and locomotion of the
trackmakers (Voigt et al., 2007; Romano et al., 2016; Marchetti et al.,
2017; Buchwitz and Voigt, 2018; Mujal and Marchetti, 2020; Mujal
and Schoch, 2020; Mujal et al., 2020). Tetrapod footprints are usually
compared with the morphology of the appendicular skeletons of con-
temporary taxa (Gand, 1987; Voigt, 2005; Gand and Durand, 2006;
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preserved tracks and trackways are needed: these exhibit morphologi-
cal features directly related to anatomy, without ‘extramorphologies’
(i.e., morphological features that hide anatomical traits of the pro-
ducer; Peabody, 1948; Haubold et al., 1995; Marchetti et al., 2019b).
Tetrapod footprints arranged in pes-manus couples along trackways
provide important information on the trunk length and pes and manus
orientation of the trackmaker. Moreover, the possible presence of a
continuous tail impression as well as digit drag traces can be key ele-
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ments to perform a locomotion reconstruction (e.g., Bernardi and
Avanzini, 2011; Marchetti et al., 2017; Mujal et al., 2017).

One of the most important amniote clades of the Palaeozoic is the
Captorhinomorpha (and closely-related protorothyridids). Captorhi-
nomorph eureptiles are relatively well-known thanks to various body
fossils from the Permian of Europe, America and Africa, but their foot-
prints were less-intensively studied, although common (e.g., Voigt and
Lucas, 2018). Consequently, studies that correlate Captorhinomorpha
track and skeletal records are rare (e.g., Voigt et al., 2010; Marchetti et
al., 2020b). Palaeozoic footprints attributable to this group are proba-
bly represented by three ichnogenera: Hyloidichnus Gilmore, 1927,
Merifontichnus Gand et al., 2000 and Notalacerta Butts, 1891 (e.g.,
Marchetti et al., 2020b). Although Hyloidichnus is generally attributed
to captorhinomorphs (e.g., Voigt et al., 2010), precise studies correlat-
ing tracks and trackmakers and analysing locomotion patterns are
lacking. Here, we describe in detail four Hyloidichnus trackways from
the Permian Pelitic Formation of Gonfaron (Le Luc Basin, Provence,
France). This material is exceptionally well-preserved, with continuous
tail and digit drag traces, and allows a confident correlation of Hy-
loidichnus with captorhinomorph eureptiles with autopodia similar to
Captorhinus and the performance of a precise analysis of the track-
maker step cycle. This brings new insights on the locomotion of Per-
mian tetrapods and adds new elements on the possible disparities
among different clades (Mujal et al., 2020).

2. Geological setting

The Permian basins of Provence are from East to West (Fig. 1A) the
Estérel and Bas-Argens basins bordered to the north by the Tanneron
massif, and the Luc and Toulon-Cuers basins bordered to the South by
the Maures massif and the Mediterranean Sea. The Luc and Toulon-
Cuers basins are bounded to the North by a thin deposit of Triassic non-
marine sediments (‘Buntsandstein’, Anisian) followed by thick deposits
of Mesozoic sediments (see Fig. 1A) (Durand et al., 2011). The topogra-
phy of these basins is strongly marked by the Permian depression that
extends from the Toulon-Cuers Basin to the Bas-Argens Basin, corre-
sponding to the erosion of the sedimentary fill of the Toulon-Cuers and
Le Luc basins.

The Pelitic Formation is the upper formation of the Luc Basin. It is
dated to the Guadalupian, possibly Wordian, according to radioiso-
topic ages, palaeomagnetism and correlation of the underlying units
with fossil-bearing units of nearby basins, which include macrofloral
remains, sporomorphs, ostracods, insects and tetrapod footprints (Gand
and Durand, 2006; Durand, 2008; Garrouste et al., 2017). The material
has been found within a red pelitic level of about 3 m thick that ends
with a layer of indurated argilits in laminated plates containing mud-
cracks, ripple marks and raindrops. This red pelitic level also yields
abundant ichnites on bio-mats, arthropod trace fossils (Scoyenia,
Planolites and Acripes multiformis) and arthropod trackways (Lithogra-
phus hieroglyphus), and cone ichnofossils. Several tetrapod trackways
such as Hyloidichnus major, Hyloidichnus isp, Microsauripus/Varanopus
isp., Dromopus isp. and Batrachichnus salamandroides have also been
recovered. This ichno-assemblage characterizes a facies close to exon-
dation and a possible ephemeral lake of decametric extension, attract-
ing an abundant fauna.

3. Material and methods

Abbreviations: GONF-A: Gonfaron collection of the MNHN; GONF-
G: Gonfaron collection of the University of Burgundy collected by G.
Gand

The four trackways described here have been found on the same lo-
cality, the ‘Gonfaron A site’ near the eponymous village, Var Départe-
ment, Southern France. They come from the middle Permian Pelitic For-
mation of the Le Luc Basin, Provence (Fig. 1). Among the four speci-
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mens analysed here, two (GONF-A-04 and GONF-A-11) have been re-
cently discovered by one of us (RG; GPS coordinates available on re-
quest from corresponding author) and are stored at the Muséum Na-
tional d'Histoire Naturelle, Paris (France) (MNHN). The two others,
from the University of Burgundy (Dijon, France) collections (GONF-
G20 and GONF-G21), were previously described by Gand (1987,
1989):

- GONF-A-04 (Fig. 2) is a slab of 266 x 200 mm with a trackway
consisting of four consecutive pes-manus couples (Nr. 1-4 Fig. 2), a tail
impression (Nr. 5 Fig. 2) and digit drag traces (Nr. 6 and 6’ Fig. 2), pre-
served in concave epirelief.

- GONF-A-11 (Fig. 3) is a slab of 298 x 331 mm with a partial
trackway consisting of two pes-manus couples, a right manus and a
continuous tail impression, preserved in concave epirelief.

- GONF-G20 (Fig. 4) is a slab of 479 x 364 mm and corresponds to
a part (GONF-G20A, in concave epirelief) and its partial counterpart
(GONF-G20B, in convex hyporelief). It preserves tracks of two ichno-
taxa, an incomplete step cycle of Hyloidichnus (see description below)
and the holotype of Varanopus rigidus. The step cycle of Hyloidichnus
includes a right manus, a right pes-manus couple, a left pes-manus cou-
ple and continuous digit drag traces.

- GONF-G21A (Fig. 5) isa slab of 463 mm X 227 mm and includes
a trackway consisting of six consecutive pes-manus couples, continu-
ous digit drag traces and a continuous tail impression, artificial gy psum
cast in convex hyporelief. GONF-G21B is a partial counterpart of the
original, from which GONF-G21A was casted, preserved in convex hy-
porelief.

The specimens were examined with oblique light and photographed
with a Nikon D800 and a Canon EOS 70D and then digitally drawn us-
ing Krita v.4.2.9 and Adobe Illustrator CC 2020. Quantitative and
qualitative analyses were carried out following the protocols of
Haubold (1971), Leonardi (1987) and Gand (1987) for tetrapod foot-
prints and Hasiotis et al. (2007) for tetrapod tail impressions. Measure-
ments were taken using ImageJ2. 3D models were obtained through
scans and photogrammetry. Scans were done with a triangulation-
based laser scanner (Next Engine 3D Scanner®). Close-range pho-
togrammetry was performed using photos taken with a Nikon D800
(60 mm macro lens) and a Canon EOS 70D and the software Agisoft
Photoscan (standard version 1.1.4) and Meshlab 2020.03 for 3D model
generation and edition. Paraview v. 5.8.0 was used for the generation
of colour-coded height maps and contours (e.g., Falkingham, 2012;
Mujal et al., 2016, 2020). The track-trackmaker correlation was per-
formed using an anatomy-based correlation (e.g., Voigt et al., 2007;
Marchetti et al., 2017, 2019a; Mujal and Marchetti, 2020) between the
best-preserved tracks and the manus and pes skeletons of Captorhinus
described by Holmes (1977, 2003), including a comparison with other
possible producers. The track preservation was evaluated by means of
morphological preservation sensu Marchetti et al. (2019b). The mea-
surements of the manus and pes parameters were done on the recon-
structions provided by Holmes (1977, fig. 11; 2003, Fig. 7). The ratio
including the body length was calculated with measurements on the
Captorhinus aguti skeleton from the Field Museum of Chicago, specimen
FMC-UC 491, Clear Fork Group (Kungurian), Texas.

4. Systematic palaeontology

Hyloidichnus Gilmore, 1927.

Hyloidichnus isp.

Figs. 2-5, Tables 1-4.

Referred specimens: GONF-A-04; GONF-A-11; GONF-G20;
GONF-G21.

Description: The manus footprints are semi-plantigrade, the pes
footprints are semi-plantigrade to semi-digitigrade. Both manus and
pes tracks show a medial-lateral decrease in relief, although this fea-
ture is more distinct in the pes. The manus tracks are wider (22 to
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Fig. 1. A. Map of the Permian basins of Provence (after Durand, 2011, modified) with position of the study area and Gonfaron A site with position of
footprints levels. B. Stratigraphic log of the Gonfaron A site. C. Photograph of the Gonfaron A site (Romain Garrouste, MNHN).

76 mm) than long (19.2 to 64 mm). The pes tracks are larger than
the manus tracks and almost as long (28 to 61 mm) as wide (25 to
75 mm).

Manus and pes tracks are pentadactyl and ectaxonic (digit IV im-
print is the longest). The relative lengths of the manus digit impressions
arel < V<II < III < 1V, the relative lengths of the pes digit impres-
sionsarel < V < II < III < IV. The divarication angle of the digits I-
V imprints of the manus is around 140°. The divarication angle of the
digits I-V of the pes is around 170°. The digit impressions are straight,
relatively thin and long. The imprints of digits I and IV are slightly di-
rected inwards, whereas the digit V impressions are often directed out-
wards. The digits of both manus and pedes were clawed, as indicated
by the T-shaped tip impressions (digit tip bifurcation) in most of speci-
mens; otherwise, in GONF-A-04 some pes tracks end in thin tip impres-

sions. In GONF-A-04, expulsion rims associated with both manus and
pes tracks are higher around the impressions of digits I, II and III. They
are clearer in association with the digit impressions of the manus, where
they seem to follow precisely the shape of the digit.

The palm impressions are slightly wider (15 to 30.5 mm) than long
(12 to 33 mm), whereas the sole impressions are much wider (16 to
22.5 mm) than long (7 to 13 mm). The palm and sole impressions are
shallower just beneath the digit IV and V impressions, and the proximal
margin of the palm/sole can be slightly convex proximally or rectilin-
ear.

The manus tracks are placed in front of the pes, at distances be-
tween 19 and 39 mm. The manus tracks are closer to and rotated to-
wards the trackway midline, the pes imprints are almost parallel to or
slightly rotated outwards (even though some pes tracks show an in-
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Fig. 2. A. Photograph of Hyloidichnus trackways GONF-A-04 with digit drag traces and tail impression. B. Interpretative drawing with Nr. 1 to 4: pes-manus
couples, Nr. 5: tail impression, Nr. 6 and 6’: digit drag traces. C. Photograph of best preserved right manus imprint. D. Photograph of best preserved left pes
imprint. D. Photograph showing details of digit drag traces. Scale bars: 20 mm (A, B), 10 mm (C-E). Photographs by Philippe Loubry, CNRS Paris.

Fig. 3. A. Photograph of Hyloidichnus incomplete step cycle GONF-A-11 with sinuous tail impression, concave epirelief. B. Interpretive drawing. Scale bar:

20 mm. Photograph by Phillipe Loubry, CNRS Paris.

ward rotation) relative to the trackway midline. The pace angulations
are greater than 90° in the manus tracks and slightly lower than 90° in
the pes tracks. The pes imprints are distanced about 10 mm from the
tail impression (Nr. 5 in Fig. 2). The tail impression observed in GONF-
A-04 is 156 mm long and 5.5 mm wide (maximum value) and is mainly
straight, with a low sinusoidal (2.7 mm) shape and a high wavelength
(90 mm). A regular pattern is observed with a widening of the tail im-

pression in proximity of the pes-manus couples. In GONF-G21 (Fig. 5),
the tail impression is straight (sinuosity of ~1 mm) without identifiable
wavelength, whereas in GONF-A-11 (Fig. 3) it has a high sinuosity with
an amplitude of about 52 mm and a wavelength of 123.5 mm. It also
shows a 1 mm deep furrow at its midline.

In GONF-A-04, digit drag traces characterised by four curved thin
grooves are preserved from the pes of couple Nr. 1 to the pes of couple



A. Logghe et al.

Palaeogeography, Palaeoclimatology, Palaeoecology xxx (xxxx) 110436

Fig. 4. A. Photograph of Hyloidichnus incomplete step cycle GONF-G20 with digit drag marks, convex hyporelief. Note the holotype trackway of Varanopus
rigidus on the same surface. B. Close-up of left pes-manus couple and digit drag traces. C. Interpretive drawing. Scale bars: 50 mm (A), 40 mm (B, C). Photo-

graph by Lorenzo Marchetti, MB.

Nr. 2 (Fig. 2). These impressions are associated with pedal digits II, III,
IV and V. Three similar grooves corresponding to digit drag traces are
proximal to the pes of couple Nr. 1 (Fig. 2): they are probably departing
from the previous pes-manus couple (not preserved on the slab). The
digit drag traces do not start directly from the digits and seem to be
partially stepped over by the pes and the manus tracks. A second similar
trace with three grooves departing from the pes of the couple Nr. 2 (Fig.
2) is also visible but poorly preserved. In GONF-G20 (Fig. 4), three to
four digit drag traces are also preserved from one pes to another and as-
sociated with the digits IT to V. In GONF-G21 (Fig. 5), three to four
digit drag traces are preserved, either from the pes to the following pes
of the next pes-manus couple and associated with digits II to V or three
digit drag traces from the manus to the following manus of the next
pes-manus couple and associated with digits III to V. The digit drag
traces of these two specimens are larger than those on GONF-A-04.

Remarks: The straight digit imprints with clawed to bifurcated
tip impressions in both pes and manus tracks, the relative length of the
digit impressions, increasing from I to IV, with digits IIT and IV of simi-
lar length and a relatively short digit V, the high divarication angle
with diverging digit bases, the short palm/sole impressions, the rela-
tive size of the manus and pes tracks and the trackway pattern with
inwardly-directed manus footprints, are characteristic of the ichno-
genus Hyloidichnus Gilmore, 1927 (e.g., Haubold, 1971; Gand, 1987;
Haubold et al., 1995; Gand and Durand, 2006; Mujal et al., 2016;
Voigt and Lucas, 2018; Marchetti et al., 2020c).

Hyloidichnus is a common ichnogenus of the Permian, known from:

USA, from the Cisuralian Hermit Shale Formation (Gilmore, 1927,
Marchetti et al., 2020c), Robledo Mountains Formation (Voigt and
Lucas, 2015) and Abo Formation (Lucas et al., 2013; Voigt and
Lucas, 2017);

Argentina, from the Cisuralian-Guadalupian Carapacha Formation
of the Carapacha Basin (Melchor and Sarjeant, 2004).

France, from the Cisuralian (Artinskian) Rabejac Formation of the
Lodéve Basin (Gand, 1987), the Cisuralian (Artinskian-Kungurian)
Pélites de Saint Pierre Formation of the Saint-Affrique Basin (Gand,
1993), the Cisuralian of the Blanzy-Le Creusot Basin (Gand, 1981)
and the Guadalupian (Wordian-Capitanian) Pelitic Formation of
the Le Luc Basin and Pradineaux, Mitan, Muy and La Motte
Formation of the Estérel and Bas-Argens basins (Heyler and
Montenat, 1980; Demathieu et al., 1992; Gand and Durand, 2006);
Spain, from the Cisuralian (Kungurian) Sotres Formation of the
Cantabrian Mountains (Gand et al., 1997), the Cisuralian
(Artinskian) Peranera Formation of the Pyrenean Basin (Voigt and
Haubold, 2015; Mujal et al., 2016), and the Cisuralian of the
Balearic Islands (Matamales-Andreu et al., 2019);

Italy, from the Cisuralian (Kungurian) Collio, Pizzo del Diavolo and
Tregiovo formations (Marchetti et al., 2013; Marchetti et al.,
2015a; b, ¢; Marchetti, 2016);

Morocco, from the Cisuralian ‘Upper Formation’ of the Tiddas
Basin and Koudiat El-Hamra Formation of the Koudiat El-Hamra
Basin (Hmich et al., 2006; Voigt et al., 2011; Zouicha et al., 2020);
and the Guadalupian-Lopingian Ikakern Formation of the Argana
Basin and Cham-el-Haoua Siltstone Formation of the Marrakech
High (Voigt et al., 2010; Hminna et al., 2012; Moreau et al., 2020);
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Fig. 5. A. Photograph of Hyloidichnus trackway with digit drag traces GONF-G21 with straight and shallow tail impression, convex hyporelief, artificial
cast. B. Close up on best preserved right pes-manus couple. C. Interpretive drawing. Scale bars: 10 cm (A), 50 mm (B), 30 mm (C). Photograph by

Lorenzo Marchetti, MB.

Table 1

Parameters of the pes imprints of Hyloidichnus. FL: foot length (mm), FW: foot width (mm), I-V: digit number, L: digits length (mm), div: digits divarica-

tion (degrees).

Specimen FL Fw I-L 1I- III- V- V- Div I/1I Div II/1IT Div III/IV Div IV/V Div
L L L L

GONF-A-04 28 25 3.6 4.95 7.2 9 4.5 32 30 35 75 172

GONF-G20 53.3 ?46.7 18.7 22.7 29.3 32 18.7 33 40 45 39 154

GONF-G21 44.1 51.2 17.6 21.2 28.2 33.5 19.4 45 28 32 35 140

GONF-A-11 61 75 15 24 30 36 25 50 35 40 53 178

- Niger, from the Guadalupian-Lopingian Moradi Formation (Steyer
et al., 2007; Smith et al., 2015);

- Turkey, from the Cisuralian Cakraz Formation of Anatolia (Gand et
al., 2011).

The type ichnospecies of Hyloidichnus is H. bifurcatus Gilmore, 1927
from the Permian Hermit Formation of the Grand Canyon (Arizona,
USA). Gilmore (1928) also erected H. whitei from the same formation.
Later, Haubold (1971) proposed the combinations H. major and H. mi-
nor based on the ichnospecies ‘Auxipes” major (Heyler and Lessertisseur,
1963) and ‘Auxipes’ minor (Heyler and Lessertisseur, 1963), from the
Permian Rabejac Formation (Lodéve Basin, France). Later, two other
ichnospecies were erected, H. arnhardti Haubold, 1973 and H. tirolensis
Ceoloni et al., 1986 from Italy. According to Haubold (2000), only H.
bifurcatus and H. major are valid, although they may belong to the
same ichnospecies (e.g., Gand and Durand, 2006; Marchetti et al.,
2020c). Moreover, Gilmoreichnus (Hylopus) hermitanus (Gilmore,

1927) may also be an extramorphological variation of Hyloidichnus
(Marchetti et al., 2013). Therefore, the relationships between these ich-
notaxa need to be further investigated.

The footprints described here, especially GONF-A-04, are also simi-
lar to the ichnospecies Varanopus rigidus Gand, 1989 (Gand and
Durand, 2006), whose holotype comes from Gonfaron (Gand, 1989).
However, several authors considered this ichnospecies as invalid be-
cause material assigned to V. rigidus from the Lodéve, Saint-Affrique,
Estérel and Bas-Argens basins includes footprints assignable to different
ichnotaxa such as other Varanopus ichnospecies, Hyloidichnus and No-
talacerta (Voigt et al., 2010; Marchetti et al., 2020b).

Pending a comprehensive revision of Hyloidichnus and its possible
ichnospecies, we prefer to assign the Gonfaron material studied here to
Hyloidichnus isp.
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5. Track-trackmaker correlation as in trackway parameters (Tables 1-3). The body trunk length, based
on the glenoacetabular distance, also greatly varies in size, between

Hyloidichnus is generally attributed to captorhinomorph eureptiles 50 mm to 184 mm (Table 4). This suggests different taxa as trackmak-
such as small captorhinines (Captorhinus) or large moradisaurines ers, or individuals of the same taxon at different ontogenetic stages.
(Moradisaurus) depending on the shape and size of the footprints (e.g., Among captorhinids, relatively complete appendicular elements are
Voigt et al., 2010). However, the Hyloidichnus-captorhinomorph cor- known from Captorhinus aguti Cope, 1895 (Holmes, 1977),
relation is not based on synapomorphic characters as in other valid Labidosaurus hamatus Willinston, 1910, Captorhinikos choazensis
correlations (e.g., large Ichniotherium cottae-Limnoscelis of Mujal and Olson, 1962, Moradisaurus grandis de Ricqlés and Taquet De and

Marchetti, 2020; small L. cottae-Diadectes and I. sphaerodactylum-Oro- Taquet, 1982 (O'Keefe et al., 2005) and Romeria prima (Clark and
bates of Voigt et al., 2007; Amphisauropus-Seymouria of Marchetti et Caroll, 1973). Even though the skeletal remains of captorhinids date
al., 2017; Pachypes ollieri-Macroleter of Marchetti et al., 2020a). This back to the Artinskian—-Kungurian and the Gonfaron footprints to the

is due to the lack of studies on well-preserved Hyloidichnus footprints Wordian (showing a discrepancy of at least 4 Myr), the wide temporal
correlated to detailed skeletal reconstructions in a morpho-functional range of Hyloidichnus trackways in the fossil record supports this inves-
perspective. The good preservation of the footprints from Gonfaron al- tigation (Fig. 6). Captorhinus aguti fits with the size of the footprints of
lows us to investigate and to define this track-trackmaker correlation: GONF-A-04. This taxon has been correlated to Varanopus by Fichter
Anamniotes such as diadectomorphs (trackmakers of Ichnio- (1983) and Voigt (2005), mostly based on overall morphology and pro-
therium), seymouriamorphs (Amphisauropus) and amphibians such as portions. Also, the mesotarsal joint described by Holmes (2003) was
eryopoids (Limnopus) have well-ossified, short and distally rounded considered an explanation for the medial-lateral decrease in relief of
digits as well as ossified and packed carpus and tarsus, resulting in the Varanopus pes imprint. Nevertheless, the medial-lateral decrease in
broad palm and sole impressions (Voigt, 2005; Voigt et al., 2007; relief occurs also in Hyloidichnus, and Varanopus shows parallel and
Marchetti et al., 2017; Mujal and Marchetti, 2020). This is inconsistent overlapping digit base impressions, a feature that is characteristic of
with the clawed and bifurcated digit impressions and the short palm parareptiles (Lee, 1997) and is not in agreement with the radiating and
and sole impressions of Hyloidichnus. separated metatarsals of articulated skeletons of Captorhinus aguti
Parareptiles such as pareiasaurs (trackmakers of large Pachypes (Holmes, 2003 Figs. 7-8). Therefore, we consider the attribution of C.
dolomiticus) are too large to fit with Hyloidichnus, whereas smaller aguti to Varanopus as currently not well supported.
pareiasauromorphs (trackmakers of Pachypes ollieri) have closely- Captorhinus and Hyloidichnus share:
packed digits and overlapping metatarsals and metacarpals, which are
inconsistent with the radiating digit imprints and the large digit divari- - pentadactyl manus and pes;
cation angle of Hyloidichnus (Marchetti et al., 2020a). Also, their tails - similar relative lengths of the digits (I < V <II < III < IV for the
were short, whereas continuous tail impressions are commonly ob- pes and the manus) (Tables 1, 2, 5);
served in trackways of Hyloidichnus. - radiating and non-overlapping metatarsals/proximal digit imprints;
The Hyloidichnus footprints from Gonfaron show a wide size range - clawed digit tips;

in manus (19 to 49 mm long) and pes tracks (28 to 61 mm long) as well

Table 2
Parameters of the manus imprints of Hyloidichnus. FL: foot length (mm), FW: foot width (mm), I-V: digit number, L: digits length (mm), div: digits divari-
cation (degrees).

Specimen FL FwW I-L II-L III-L IVL V-L div I/11 div II/111 div 111/1V div IV/V div

GONF-A-04 19.2 22 2.25 3.6 4.5 5.4 3.6 30 55 19 50 154

GONF-G20 30.4 48 12.8 19.2 22.4 25.6 9.6 36 43 60 38 177

GONF-G21 35.3 42.4 14.1 15.9 19.4 26.4 12.4 50 45 23 34 152

GONF-A-11 61 48 17 19 27 29 15 50 38 32 53 173
Table 3

Trackway parameters. SLp: pes stride length (mm), PLp: pes pace length (mm), Pap: pes pace angulation (degrees), PWp: pes width of pace (mm), Lp-p:
pes length of pace (mm), dist ip: distance interpes (mm), divp: pes divarication (degrees), SLm: manus stride length (mm), PLm: manus pace length
(mm), Pam: manus pace angulation (degrees), PWm: manus width of pace (mm), Lp-m: manus length of pace (mm), dist im: distance intermanus
(mm), divm: manus divarication (degrees).

Specimen SLp PLp Pap PWp Lp-p dist ip div-p SLm PLm Pam PWm Lp- dist im div-m
m
GONF-A-04 108 78.4 85 49.5 45 38.7 80 101.7 78.75 95 45 56.7 49.5 120
GONF-G20 80 104 88 52.8 50 240 136 120 72 352 24 130
GONF-G21 158.8 123.5 80 112.9 79.4 60 80 155.3 114.7 85 97 70.6 49.4 80
GONF-A-11 21 98 18 20 65 130 19.5 130 85 17.5 16 53
Table 4

Tail impression and digit drag marks parameters. Dist m-p: distance pes-manus (mm), FLp/FLm: pes length/manus length (mm), BL: body length (mm).
BL/FL: body length/pes length, SL/FL: stride length/pes length, SL/BL: stride length/body length, bsl:tail baseline (mm), mdl: tail midline (mm), WL:
wave length (mm), amp: amplitude (mm), TW: tail width (mm).

Specimen dist m-p FLp/FLm sole/palm BL BL/FL SL/FL SL/BL bsl mdl WL amp ™
GONF-A-04 39 1.45 1.37 50 1.78 4.29 2.4 156 160 90 2.7 4-5.5
GONF G 20 21.3 1.75 4.4 184 3.45 11.6? 1.9

GONF G21 19.4 1.25 1.19 141.2 3,18 3.9 1.1 273.5 300 1 8-9
GONF-A-11 20 1 0.8 175 2,86 2.5 0.74 222 255 123.5 52 10
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Fig. 6. Stratigraphic distribution of Hyloidichnus trackways compared with the consensual stratocladogram of the captorhinomorphs (compiled from The Pa-
leobiology Database https://paleobiodb.org; Modesto and Smith, 2001; Modesto et al., 2019; Voigt and Lucas, 2018).

- similar length ratios between: 1) pes/manus length and
metatarsus/metacarpus length and 2) pes/manus foot length and
sole/palm impression length (Tables 1, 2, 5);

- similar length/width ratios of the pes (phalanges + tarsus) and of
the manus (phalanges + carpus) (<1 for the manus and ~ 1 for the
pes) (Tables 1, 2, 5).

The carpus of Captorhinus comprises 11 elements: the radiale, the in-
termedium, the ulnare, the pisiform, two centralia and five distal
carpals (Fig. 7). The joint between the radius and the radiale is flat,
suggesting no flexion between them: the radiale may act as an exten-
sion of the radius. The convex joint between the radiale and the lateral
centrale permitted a significant medio-lateral rotation. In addition, the
ulnare and the intermedium form a single structural unit with a flat
joint oriented like a dorsal process (Holmes, 1977), causing probably a
concave proximal margin of the palm: this fits with the Hyloidichnus
manus impressions (Fig. 7). The joints are flat between (1) the ulnare
and the ulna, (2) the ulnare and the intermedium, and (3) the ulnare
and distal carpals 4 and 5. The ulnare and the intermedium contact
both the medial centrale, and the latter contacts only marginally the
radius-radiale complex. Thus, the lateral centrale is the element of the
carpus that experienced the most tension during movement; this ele-
ment supports both the radius-radiale complex and the ulna-
intermedium-ulnare-medial centrale complex (Holmes, 1977;
Marchetti et al., 2017). This also fits with the basal part of the Hy-
loidichnus digit I, II and III imprints of the manus, where the footprint
is more deeply-impressed (Fig. 7). The joints between the distal carpals
are also flat, allowing very little independent movements; this is consis-

tent with the straight and regularly impressed manus digit bases of Hy-
loidichnus (Figs. 2, 7). A distal process behind metacarpal 3 prevented
too much flexion of digits IIT and IV (Holmes, 1977), suggesting a more
stable position and rigid appearance compared to the imprints of digits
I and II of Hyloidichnus. The phalanges of the manus of Captorhinus are
proportionally thicker and shorter than those of the pes, with signifi-
cant ossification at the joints (increasing the distance between the ten-
don and the joint and thus the flexibility of the digit muscles) (Holmes,
1977). This is also suggested in Hyloidichnus, which has relatively
shorter and thicker digit imprints and overall deeper manus imprints
(with marked impressions of digits I and II) compared to the pes im-
prints, as also observed by the higher expulsion rims in GONF-A-04
(Fig. 2).

The tarsus of Captorhinus comprises eight elements: the calcaneus,
the astragalus, the centrale and five distal tarsals (Fig. 7). The sole im-
pression of Hyloidichnus is smaller than the palm impression, probably
due to less distal elements of the tarsus compared to the carpus: this is
consistent with Captorhinus. The centrale, calcaneus, and astragalus
are closely nested, suggesting little movements between these elements.
The calcaneus has flat joints with the distal tarsals 4 and 5, while the
centrale has convex joints with the distal tarsals 1, 2 and 3 (Holmes,
2003). Thus, the flexion is mainly supported by the centrale and occurs
at the level of the distal tarsals 1, 2 and 3, which is consistent with the
deeper impressions of the digits I to III of the pes in Hyloidichnus (Fig.
7). The phalanges of the Captorhinus pes are long and thin, correspond-
ing to the impressions of the pes digits of Hyloidichnus. The pes joints
are more ossified than the manus joints which could explain the straight
digit impressions of the pes and the lack of mobility relative to the
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Fig. 7. A. Photograph of skeletal reconstitution of Captorhinus aguti (Field Museum of Chicago), the red lines indicate the pes length and the glenoacetabular
distance, scale bar: 50 mm. B. Anatomy of the manus redrawn after Holmes (1977). ul: ulna, ue: ulnare, in: intermedium, ra: radius, re: radiulare, pc:
proximal centrale, dc: distal centrale, 1-5: distal carpals, scale: 10 mm. C. Anatomy of the pes redrawn after Holmes (200 3). ti: tibia, fi: fibula, cal: calca-
neus, ast: astragalus, c: centrale, 1-5: distal tarsals, scale bar: 10 mm. D. Superposition of the best preserved manus track of specimen GONF-A-04 (in or-
ange) with the skeletal reconstruction of the manus redrawn after Holmes (1977); the red circle indicates the zone with most power flexion during the loco-
motor cycle, scale bar: 10 mm. E. Superposition of the best preserved pes track of GONF-A-04 (in orange) with the skeletal reconstruction of the pes re-
drawn after Holmes (2003); the red circle indicates the zone with most power flexion during the locomotor cycle, scale bar: 10 mm. Photograph in A by
Lorenzo Marchetti, MB. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

manus. The unguals of Captorhinus (and captorhinormophs in general)
are poorly preserved. However, they seem thinner and shorter in the pes
(Holmes, 2003) than in the manus (Holmes, 1977). This seems consis-
tent with the thin and shallow pes digit drag traces preserved within
the trackways of Hyloidichnus (Figs. 2, 4 and 5). They greatly differ
from those of Amphisauropus that leave deeper and larger digit drag
traces indistinguishable among each other, probably due to the thicker
digits and the absence of unguals. Holmes (2003), contra Schaeffer
(1941), Fox and Bowman (1966) and Sumida (1989), hypothesised a
‘mesotarsal’ joint in C. aguti, the dorsiflexion of which suggests a more
pronounced medial impression of the sole at the level of the tarsals 1 to
3; this is again consistent with Hyloidichnus.

Labidosaurus and Captorhinikos are larger captorhinids than C.
aguti. They also show similar manus and pes anatomy with, however,
shorter and stubbier distal pedal phalanges, resulting in a relatively
shorter and wider pes (Sumida, 1989). Such morphology might be co-
herent with GONF-G21 and GONF-A-11, where the pes impressions
are wider than long. So, Labidosaurus and Captorhinikos may be con-
sidered as potential trackmakers for larger Hyloidichnus tracks. Recent
phylogenetic studies of captorhinomorphs place Captorhinikos as the
basalmost Moradisaurinae (Modesto et al., 2019), but its phylogenetic
position has often changed, within or out of the Moradisaurinae (de
Ricqlés De Ricqlés, 1984; Reisz et al., 2001, 2015; Modesto et al.,
2014; Liebrecht et al., 2017; Cisneros et al., 2020). The clade
Labidosaurus + Moradisaurinae is well-supported by all these phylo-
genetic analyses. Inclusive or stem-Moradisaurinae, with autopodials
similar to those of Captorhinus, could then be potential trackmakers of
relatively large Hyloidichnus tracks.

The pes of Moradisaurus is foreshortened and extremely robust com-
pared to other captorhinids. It has a massive astragalus, larger than
that of other captorhinids, and a derived calcaneum (O'Keefe et al.,
2005). Nevertheless, the tarsus arrangement is the same as that of other
captorhinids, with the only exception being the lack of the distal tarsal

5. The body of Moradisaurus is extremely large (its weight was proba-
bly more than 300 kg), being inconsistent with the size of the studied
tetrapod footprints. The metatarsals and phalanges of the pes, al-
though similar to those of other captorhinids, suffered a proximo-distal
compression: this may reflect a shortening of the pes digit imprints, but
this is not observed in the studied Gonfaron specimens. The position of
the femur may also restrict the rotation and movement of the hindlimb
during the step cycle, suggesting an antero-posterior movement only
(O'Keefe et al., 2005). This movement of the hindlimb may not leave
digit drag traces as curved as seen in the studied Hyloidichnus track-
ways. Therefore, Moradisaurus and derived moradisaurines may not be
the trackmakers of the Hyloidichnus tracks from Gonfaron.

6. Locomotor reconstruction

The locomotor cycle of the hindlimb of Captorhinus aguti recon-
structed by Holmes (2003), in which the outer digits are first to leave
the substrate during the kick-off phase, is generally consistent with an
increased medial relief of the pes impression. This is regularly observed
in Hyloidichnus (e.g., Gand, 1987; Mujal et al., 2020), including small
Hyloidichnus tracks as those observed on GONF-A-04. It has to be
noted that the pes orientation of Captorhinus proposed by Holmes
(2003) is slightly different from that of Hyloidichnus. The absence of a
cruro-tarsal joint in Captorhinus is in agreement with the semi-
plantigrady of the impressions. The shortened impression of the sole
then resulted from the impression of the distal tarsus and proximal
metatarsus (Holmes, 2003; Voigt, 2005). Hyloidichnus manus and pes
imprints rarely overlap, and the position of the pes-manus couples is
consistent with a sprawling locomotion observed in many present-day
tetrapods (Schaeffer, 1941; Brinkman, 1980, 1981; Pardian and Olsen
De Ricqles, 1984) and in trace fossils such as Amphisauropus and its pos-
sible trackmaker Seymouria (Marchetti et al., 2017). Holmes (2003) re-
constructed the stance phase of the pes of C. aguti based on the
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Fig. 8. I. Swing phase of the manus. A. Beginning. B. Early. C. Midstride. D. End.
II. Swing phase of the pes. In the square: re-orientation phase between the end of the stance phase and the beginning of the swing phase. A. Reconstruction of
captorhinomorph locomotion based on GONF-A-04 trackway. B. Beginning. C. Early. D. Mistride. E. End.

Table 5
Parameters of the manus and pes of Captorhinus aguti and comparisons
with the avergage ratios of manus and pes tracks.

Captorhinus pes Manus ratio C. Track
aguti aguti  averages
Length 50 42.5 pes/manus length 1.18 1.36
Width 55 50 pes length/width 0.9 0.98
digit I/IV 0.5 0.43 manus length/width 0.85 0.9

digit II/IV 0.63 0.71 metatarse/metacarpus 1.65 1.94
digit III/IV 0.81 0.93 length

digit V/IV 0.63 0.57

digit IV/length 0.9  0.82

BL/FL 3,7

hindlimb skeleton. However, the following pes swing phase could not
be reconstructed due to the absence of some elements. The locomotor
cycle of Captorhinus has been reconstructed mainly according to skele-
tal elements, while footprints are rarely used (Holmes, 2003 used them
only for imposition of constraints). Reconstruction of the pes swing
phase was performed for Seymouria thanks to exceptionally preserved
Amphisauropus tracks and trackways, including continuous digit drag
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traces (Marchetti et al., 2017). Tracks give important information on
the different steps of the locomotion: how the manus/pes leave, arrive
and rest on the sediment (stance phase). While other aspects of the step
cycle, when the manus/pes are off the substrate (swing phase), are less
certain, the presence of digit drag traces allows a rather precise recon-
struction of this part of the locomotion (which cannot be inferred
through tracks nor anatomical analyses). The trackways analysed here
are consistent with Holmes' analysis on the stance phase, but not
demonstrative of all of it. The well-preserved Gonfaron footprint mate-
rial including trackways and continuous digit drag traces, coupled with
the work of Holmes (2003), allows us to propose a reconstruction of the
swing phase of Captorhinus, for both the pes and the manus.

6.1. Forelimb step cycle

Considering the manus tracks, the deep impression of the digits I, II
and III suggests an important role of this manus portion during the
stance phase to support the weight of the body. However, to accommo-
date the change in body weight support to the pre-axial side, digits I, I
and III moved from a position almost parallel to the trackway midline
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to a position almost perpendicular (as represented by the inwards ro-
tated manus tracks). This resulted in more excursion of the humerus
than that of the femur to accompany this re-orientation of the digits
during the midstride. The position of the manus was then nearly per-
pendicular relative to the substrate with the digits positioned high
aboveit at the end of the stance phase. Digit dragging is generally more
frequent in hindlimbs than forelimbs (Willey et al., 2004; Farlow et al.,
2017). However, crocodylians and other reptiles such as the Komodo
monitors leave manus digit drag traces because of their lateral excur-
sion of the humerus, almost at 90° to the body trunk (Padian and Olsen,
1984). The absence or shallow impression of digit drag traces associ-
ated with the Hyloidichnus manus imprints could be due to the more
important antero-posterior movement of the elbow compared to croco-
dylians, which increased the length of the stride with more flexion that
prevented digit dragging (Holmes, 1977). This would be in agreement
with a more advanced forelimb posture of captorhinids compared to
crocodiles. A lifted position of the manus at the end of the stance phase
could also be an explanation for the scarcity of manus digit drag traces
in Hylodichnus. The stance phase of the manus is consistent with the
stance phase reconstructed for the pes by Holmes (2003), with an active
role of the digits I to III. The swing phase of the manus can be recon-
structed thanks to the well-preserved and continuous digit drag traces
of GONF-G21 (Fig. 8-1).

Beginning of the swing phase (Fig. 8-IA): all digits of the manus
have left the substrate. The complex radius/ulna undergoes a
rotation of about 90°, so that only the tips of the digits IV and V
touch the substrate, leaving continuous digit drag traces. However,
the digit drag traces are very thin (and often absent in
Hyloidichnus trackways), suggesting a position of the digits well
above the substrate. The humerus reaches its maximum height with
an excursion over 90°;

Early swing phase (Fig. 8-IB): almost immediately, the humerus
undergoes a rotation of 20° anteriorly, allowing the generation of
digit drag traces of digit III (as seen in GONF-G21). The angle with
the body axis stays the same;

Midstride (Fig. 8-IC): during the midstride, the position of the
manus relative to the substrate and of the humerus relative to the
body axis does not move (or very slightly) resulting in the absence
of an arcuate movement of the digit drag traces of the manus
compared to those of the pes;

End of the swing phase (Fig. 8-ID): the humerus reaches its lower
height with an excursion below 90°. The manus shifts from an
inclined to a parallel orientation towards the substrate. This is
permitted by a re-orientation of the carpus. The manus is in its
medial-most position, leaving the next imprint.

6.2. Hindlimb step cycle

The specimens GONF-A-04 and GONF-G21 show continuous digit
drag traces, which allow to describe the movement of the pes from one
step to the following one (Fig. 8-II). Most of the digit drag traces are
represented by three to four curved lines that depart from the pedal
digit impressions II, II1, IV and V. The curved line from digit V impres-
sion is the longest. It decreases in length from impressions of digit IV to
II. This suggests that the digit I and II left the substrate first, while dig-
its I to V kept their position on the substrate, as shown during the mid-
stride and end of stance phase by Holmes (2003). The swing phase is
then similar to that of a living alligator where “early in the hindlimb
protraction, the distal end of the femur undergoes slight abduction, rel-
ative to its position at the end of the stance phase, as it swings forward,
the extent of abduction varying among individual alligators” (Farlow
et al., 2017, p. 29). This is consistent with the number of digit drag
traces in Hyloidichnus trackways, which ranges between two and four.
The digit drag traces in Hyloidichnus and crocodilians trackways
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(Farlow et al., 2017) consist of similar curved lines, suggesting a similar
movement.

- Beginning of the swing phase (Fig. 8-1IA): all digits of the pes have
left the substrate. The complex tibia/fibula undergoes a rotation of
about 90°. Only the tips of digits IV and V touch the substrate,
leaving the continuous digit drag traces. The frequency and
sharpness of the pes digit drag traces among Hyloidichnus
trackways suggest that the femur is less excursed than the humerus,
at 90° relative to the body axis;

- Early swing phase (Fig. 8-1IB): the femur undergoes an anterior
rotation probably of 20°, corresponding to the best-preserved digit
drag traces of digits III, IV and V. Simultaneously to this rotation,
the angle of the femur with the body axis diminishes. These re-
orientations are marked by an arcuate movement of the digit drag
traces towards the outside of the trackway midline (as seen in
GONF-A-04). This is not seen in the manus digit drag traces, which
are more regular;

- Midstride (Fig. 8-11C): the femur continues its rotation (of about 60°
at the end of the midstride) leading to the drag trace of digit II.
However, the tip of the digit II pass slightly over the substrate and
may not always leave drag traces. During the midstride, digit drag
traces of the pes are more rectilinear than those of the manus: this
suggests that the femur has a less prominent excursion than that of
the humerus. It is already below 90° relative to the body axis;

- End of the swing phase (Fig. 8-1ID): the femur reaches its lower
height. The pes shifts to a parallel orientation towards the substrate.
This is permitted by a re-orientation of the tarsus. The pes is in its
medial-most position, leaving the next imprint.

6.3. Tail impression and gait

Deep and wide tail impressions and continuous digit drag traces are
rarely observed in Hyloidichnus (Gand, 1987). Similar tail impressions
and digit drag traces have been observed in the Permian ichnogenus Er-
petopus, the trackmaker of which is interpreted to be a small reptile
(Bernardi and Avanzini, 2011). The exceptional preservation of these
features on the studied specimens may be due to differences in gait and
substrate, which was probably more water-saturated and muddy
(Marchetti et al., 2017, 2019b). Contrary to Amphisauropus, where
well-impressed and continuous tail traces are associated with digit drag
traces and present a significant sinuosity (Marchetti et al., 2017), the
Hyloidichnus tail impression shows generally a very low sinuosity, ex-
cept for GONF-A-11. Variations in the sinuosity of the tail impression
are observed in present day tetrapods such as crocodilians (Farlow et
al., 2017). The nearly rectilinear tail impression in Hyloidichnus sug-
gests that its captorhinomorph trackmaker had a lower body sway and
spine flexibility than those of the seymouriamorph trackmaker of Am-
phisauropus (Berman et al., 2000; Marchetti et al., 2017). Although, as
in Amphisauropus trackways, an arcuate movement of the scratches
suggests a rather marked lateral movement of the body (Ashley-Ross,
1994; Marchetti et al., 2017). Captorhinomorph eureptiles, alongside
seymouriamorphs, could have had a more derived body trunk flexibil-
ity in comparison with earlier tetrapods (Pierce et al., 2013; Marchetti
et al., 2017). The body and tail of captorhinomorphs might also have
been more lifted than those of seymouriamorphs. A more distal part
part of the tail may have been impressed (which was thinner and recti-
linear because less subject to the body sway). A subrectilinear tail im-
pression has also been observed in Dimetropus, correlated to pelycosaur-
grade synapsids (Voigt, 2005). Variations in the width of the tail im-
pression in correspondence with pes-manus couples suggest a slight
change in the orientation of the tail during walking, or a slight lower-
ing-rising of the body (Avanzini and Renesto, 2002). Although such
slight variations are seen in GONF-A-04, they are not marked enough
to suggest a gait with “brief regular spurts” (Avanzini and Renesto,
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2002 p. 57). The tail impression of GONF-A-04 is continuous, suggest-
ing that vertical movement was almost absent (Bernardi and Avanzini,
2011; Marchetti et al., 2017). The tail impression is wide and well-
marked in specimens GONF-A-04, GONF-A-11 and GONF-G21. This
suggests a relatively large and long tail, touching the ground during
progression. The steepness and location of the expulsion rims of the tail
impression, opposite to the pes-manus couples and in its inner side,
(Figs. 9, 10) suggest a lateral movement in the same direction of the
head and opposite to the trunk. Such lateral movement of the body is
also seen in seymouriamorphs (Marchetti et al., 2017).

However, there are slight differences in the relative depth pattern
between trackways GONF-A-04 and GONF-A-11 (Fig. 9). This could be
linked to slightly different gait as well as different rheological condi-
tions of the substrate. The two trackways are very different in size (pes
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and manus imprints in GONF-A-11 are nearly two to three times larger
than those of GONF-A-04). As discussed above, different captorhi-
nomorph taxa as trackmakers cannot be discarded, but the manus and
pes skeletons of captorhinomorphs are extremely conservative and can-
not explain such differences. An evolution of the locomotion through
ontogenetic stages of the skeleton in captorhinomorph would also be
unlikely. A limited skeletal ossification indeed characterizes many eu-
reptilian neonates (age class that express attributes mostly influenced
by pre-parturitive development environment such as the egg or the egg-
nest, Morafka et al., 2000), but the size of the trackmaker of GONF-A-
04 (50 mm) compared to size of the trackmaker of GONF-A-11
(175 mm), would rather indicate a juvenile form. Unfortunately, juve-
nile captorhinomorph skeletons are not known. The following discus-
sion will therefore concentrate on gait and substrate. High speed is

=
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Fig. 9. A. 3D model in false-colour depth and with contours of GONF-A-04. B. Interpretive drawings. C. Photograph of the best preserved right manus track.
D. 3D model of the track in C with superimposition of Captorhinus manus skeleton. E. Photograph of the best-preserved left pes. F. 3D model of the track in E
with superimposition of Captorhinus pes skeleton. G. 3D model of GONF-A-11. H. Interpretive drawing. I. Photograph of the left pes-manus couple. J. 3D
model of the track in I with superimposition of Captorhinus autopodians skeletons. The red zones represent the most deeply impressed part of the imprints.
The arrows point to the steepest parts of the tail impressions. Captorhinus skeletons after Holmes (200 3), modified. Scale bars: 50 mm. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. A. 3D model in false-colour depth and with contours of GONF-G20. B. Interpretive drawing. C. Photograph of the best-preserved left pes-manus
couple. D. 3D model of tracks in C with superimposition of Captorhinus autopodial skeletons. E. 3D model of GONF-G21. F. Interpretive drawing. G. Pho-
tograph of the best-preserved right pes-manus couple. H. 3D model of the tracks in G with superimposition of Captorhinus autopodial skeletons. The red
zones represent the most deeply impressed part of the imprints. Captorhinus skeletons after Holmes (2003), modified. Scale bars: 10 cm (A, B, E, F),
50 mm (C, D, G, H). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

known to affect the trackways of reptiles and amphibians, potentially
causing: primary overstepping of the pes to the manus, absence of a tail
impression, high pace angulation, high stride length/ft length (SL/FL)
ratio, position of the digit V of the pes nearly perpendicular to the
trackway midline, high rotation of the manus and pes in respect to the
trackway midline and a Y-shaped digit tip impressions of the pes im-
prints (Peabody, 1956; Irschick and Jayne, 1999; Dietrich and Gardner,
2004; Dietrich, 2008). Both, GONF-A-04 and GONF-A-11 show a tail
impression inconsistent with high-speed locomotion but rather a walk-
ing-type locomotion (Avanzini and Renesto, 2002; Pierce et al., 2013;
Marchetti et al., 2017; Mujal et al., 2017). However, it is not incompat-
ible with a higher speed of one trackmaker relative to the other. The
GONF-A-04 trackway has a pace angulation lower than that of GONF-
A-11, but a higher SL/FL ratio with a higher inter-pes and inter-manus
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distance; the rotation of the manus and pes tracks in respect to the
trackway midline is higher in GONF-A-04 than in GONF-A-11 with a
higher divarication of the digit V (Tables 1, 2). In addition, the mor-
phology of the digit tips of GONF-A-04 present a Y-shaped impression
but not in GONF-A-11, where the digit tip impression is directed later-
ally, suggesting a slower gait (Peabody, 1956). A slightly higher loco-
motion gait of the trackmaker of GONF-A-04 is then plausible. GONF-
A-04 shows a rectilinear tail impression, whereas GONF-A-11 shows a
sinuous tail impression. In GONF-G-21, which also presents a nearly
rectilinear tail impression, the pace angulations, SL/FL ratio, the inter-
manus distance and divarication of the pes are similar to those of
GONF-A-04 (Tables 1, 3, 4), although the footprint and supposed
trackmaker size are closer to those of GONF-A-11. So, a lower tail sinu-
osity may be coherent with a slightly higher locomotion gait. More-
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over, the substrate of GONF-A-04 and GONF-A-11 was quite different:
alongside GONF-A-04 are found traces of bioturbation and burrows
and the tracks present high expulsion rims and a more defined shape of
the imprints, digit drag traces and tail impressions: this suggests a wa-
ter-saturated substrate, with sufficient cohesiveness to register small
details. In GONF-A-11, the substrate would have been drier, as none of
those features are recovered from the slab. Nevertheless, the relative
depth pattern of both manus and tracks of both trackways seem to
show a medial-median functional prevalence. This is consistent with
the fact that rheology does not affect the trackmaker's functional mor-
phology: the relative depth patterns are the same for each ichnotaxon
across different substrates, Mujal et al., 2020). As in the studied mater-
ial, speed also seems not to have effect on the functional prevalence of
the trackmaker. Trackways showing a conclusive high gait should be
analysed to eventually confirm this hypothesis.

7. Conclusions

The discovery of new exceptionally well-preserved specimens from
Gonfaron (Var, France), together with the revision of those from the
Burgundy University collections, allows to precise the ichnological de-
scription of Hyloidichnus and to better understand its potential track-
makers, as well as their locomotion style. The correlation between Hy-
loidichnus and Captorhinus (and captorhinomorphs with similar au-
topodia) is hence proposed for the first time in a synapomorphy-based
approach.

The exceptional preservation of continuous digit drag traces and
tail impressions allowed a detailed review of the captorhinomorph lo-
comotion. The stance phase of the pes of captorhinomorphs is coherent
with Hyloidichnus trackways, suggesting a greater role than previously
thought of the manus during the propulsion of the body. The swing
phase of both manus and pes for captorhinomorphs has been recon-
structed for the first time. A possible marked body trunk flexibility has
been highlighted in captorhinomorphs, compared with other Permian
tetrapods. However, the tail impression, except for one specimen, sug-
gests moderate body sway. A new hypothesis of a “lifted body” in cap-
torhinomorphs is thus proposed.

These trackways finally permitted detailed observations on differ-
ent locomotion gait. Even though high speed locomotion is not repre-
sented, slight changes in speed observed from the Hyloidichnus track-
ways parameters have been documented. Two interesting outcomes,
which need further investigation, are: 1) the correlation between the
shape of the tail impression in response to the locomotion gait and 2)
the absence of impact of speed and rheology on the functional preva-
lence of autopodia.

Gonfaron is a locality recently re-opened in the Permian of France
(Var). Together with new insect specimens recently described, these
new discoveries also show that Gonfaron is an important locality to
better understand the Permian faunas and their associated palaeoenvi-
ronements of France and Europe. This acquires even more importance
due to the middle Permian age of this site, since low-palaeolatitude fos-
sil-bearing localities of this age are rare.
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