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Abstract

The Col de Dio palaeontological site yields the first swimming trails of fishes from the continental Permian deposits of the
Lodeve Basin (southern France). Several morphologies of trails were distinguished, each of them including one, two or four
thin, horizontal and sinusoidal grooves/ridges. Trails are ascribed to Undichna bina, Undichna britannica and Undichna
unisulca. They co-occur with arthropod body remains (e.g. “conchostracans”, triopsids), invertebrate traces (cf. Cochlich-
nus, Diplichnites, and Diplopodichnus) and swimming tracks of tetrapods (Characichnos). The sedimentological analysis
conducted at the Col de Dio tracksite indicates the presence of two orders of stratigraphic sequences that rule the alterna-
tion of humid and arid cycles in an endorheic terminal mud-dominated floodplain and playa-lake environment. Although
body fossils of fishes remain unknown in the Salagou Formation, the presence of Undichna shows that ichthyofauna was
an abundant component of the palaeoecosystem related to this formation. The diverse shapes of Undichna suggest a great
diversity of fish morphologies and/or behaviours. This new discovery of fish trails co-occurring with tetrapod and arthropod
tracks complements other coeval French tracksites, suggesting that such ichnofaunas were common in Permian terrestrial
ecosystems from the Eastern Pangean intertropical zone.
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Introduction

The Grands Causses area (southern France; Fig. 1a) is sur-
rounded by three Permian basins yielding abundant body
fossils and ichnofossils that are crucial for the reconstruction
of late Palaeozoic continental ecosystems. It consists of the
Lodeve, Rodez and Saint-Affrique basins (Fig. 1b). Amongst
the Permian basins from France, the Lodeve Basin (Fig. 1c)
was clearly the most prospected from a palaeontological
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point of view, yielding diverse vertebrate (e.g. Gervais 1859;
Heyler 1969; Thévenin 1910; Werneburg et al. 2007; Falcon-
net 2010), arthropod (e.g. Nel et al. 1999, 2008; Béthoux
et al. 2001, 2002, 2003; Béthoux 2008; Prokop et al. 2015;
Garrouste et al. 2018) and plant remains (e.g. Doubinger and
Kruseman 1965; Galtier and Broutin 1995, 2008). Since at
least the first half of the 20" century, Permian deposits from
this basin also yielded abundant tetrapod and invertebrate
tracks (e.g. Delage 1912; Ellenberger and Ellenberger 1959;
Heyler and Lessertisseur 1963; Ellenberger 1983a, 1983b,
1984; Gand 1986, 1987, 1994; Gand et al. 2000, 2008; Gand
and Durand 2006; Mujal and Marchetti 2020).

Although continental deposits from the upper part of the
Permian series from the Lodeéve Basin (Rabejac, Salagou
and La Lieude formations; Fig. 2) yield abundant body fos-
sils of aquatic organisms, ichthyofaunas remain unknown.
Here, we describe the first swimming trails of fishes from
the Lodeve Basin as well as associated protostomian body
fossils and ichnofossils. Body remains of fishes being absent
from the deposits yielding trails, the related ichnofaunas as
well as their palaeoecosystem and palaeoenvironment are
discussed.
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Fig. 1 Geographical and geological context. a location of the Causses Basin in France. b location of Permian basins around the Causses Basin. ¢
simplified geological map of the Lodeve Basin and location of the Col de Dio tracksite
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Fig.2 General stratigraphic column of the Lodéve Basin and location
of body fossils of fishes and fish trails. Modified after Michel et al.
2015a

Geographical and geological setting

The Lodeve Basin is located in southern France (Fig. 1a, 1b).
It consists of a half-graben of Permian age spread over about
150 km?. The basin shows of a 3000 m thick sedimentary

series, at the hanging wall of the south bordering fault, which
is organised in two major megasequences separated by a slight
regional unconformity. The first is 750 metres-thick, was
deposited in a pre-rift context and includes three formations
(Fm.), the Usclas-Saint Privat Fm., the Tuiliéres-Loiras Fm.
and the Viala Fm. They correspond to an overall shallowing
upward sequence from deep anoxic lacustrine systems to low
energy river and floodplain deposits. The upper megasequence
displays a fan shape geometry relative to the synrift infill of
the basin. It consists of an overall fining upward sequence split
into two major formations (Lopez et al. 2008), the Rabejac
Fm. and the Salagou Fm. The first is about 300 m thick and
corresponds to coarse fluvial deposits. The second one is 2000
m thick and mainly composed of red pelites. The Salagou Fm.
displays overall facies partitioning from coarse alluvial fan on
the hanging wall of the south and western bordering faults (La
Tour facies) to ephemeral fluvial systems (La Lieude facies)
passing downstream to floodplain (Octon facies) and playa
lake systems (Mérifons facies) in the central part of the depo-
center (Lopez et al. 2008). However, because a partial strati-
graphical superposition tendency, more recent works tend to
place the La Lieude facies into a distinct formation at the top of
the Permian series and to split the Salagou Fm. into the Octon
Member in the lower part and the Mérifons Member in the
upper part (Schneider et al. 2006; Michel et al. 2015a; Fig. 2).
For convenience, we will follow this stratigraphical succession
(Fig. 2) because the tracksite is stratigraphically located in the
Meérifons Member of the Salagou Fm., at about 80 to 100 m
below the basal sandstones of the la Lieude Fm. near Col de
Dio (Dio-et-Valquieres; Fig. 1c).

Magnetostratigraphic data indicate that most of the Sala-
gou Formation lies within the Permo-Carboniferous Reversed
Superchron (PCRS) with two distinct groups: a lower one con-
sistent with the Octon Member which is mainly Artinskian
in age; and an upper one reliable with the Mérifons Mem-
ber including the Kungurian and possibly part of the Road-
ian stages (Evans 2012). This assumption was confirmed
by complementary magnetostratigraphic data at the base of
overlying La Lieude Formation that fall into the reverse inter-
val above the Wordian-N polarity zone indicating at least a
Capitanian age (Evans et al. 2014). Moreover U-Pb zircon ages
(CA-IDTIMS) from a tuff bed in the upper part of the Octon
Member (Sample T12, Michel et al. 2015a; b) show an age
of 282.86 + 0.13 Ma (early Kungurian) compatible with a
stratigraphical stage between upper Kungurian and Wordian
for the Mérifons Member where this study focus.

Material and methods
The tracksite was discovered at the end of the 20" century

by one of us (J.L.) during prospection in the the western
part of the Lodeve Basin. Specimens were collected at
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that time. In 2022 and 2023, based on new prospections,
a detailed sedimentological analysis was conducted along
a 14 metres high section (Fig. 3). Specimens are preserved
on surfaces of reddish pelitic slabs. They bear swimming
trails of fishes and tetrapods as well as arthropod trackways.
Ichnofossils are preserved as both concave epireliefs and
convex hyporeliefs. They are associated with “conchostra-
can” and triopsid body fossils. All specimens are housed in
the palaeontological collections (Lapeyrie collection) of the
Musée de Lodéve (Hérault, southern France). The follow-
ing specimens were used in the present study: LdLAP-826
to LALAP-829, LALAP-840 to LdLAP-842, LdLAP-846,
LdLAP-848, LALAP-850, LALAP-851. 3D photogrammet-
ric reconstructions were produced with the software Agisoft
PhotoScan Professional 1.2.4. The same software was used
to produce photogrammetric digital elevation models and
contours. Pictures of the surfaces were taken with a Olympus
Tough TG-6 camera.

Results
Sedimentological analysis

The Col de Dio sedimentary pile consists of monotonous red
splintery pelites alternating with thin greenish blue to red
brown massive to thinly laminated silty carbonate bearing
mudstones giving a ‘barcode’ pattern on the landscape over
several hundreds of metres in thickness. Here, the stack-
ing pattern of the pile is ruled by two orders of embedded
sequences.

The first order consists of 1 to 3 metres thick red pelite
dominated facies separated by very continuous 3 to 5 centi-
metres thick carbonate bearing greenish blue fine to medium
siltites (Figs. 3, 4a-b). The siltite layers are relatively hard
and relief-shaped compared to softer pelites with a sharp flat
to erosive base and display a thin plane horizontal to wavy
lamination compatible with 2D current ripples (Fig. 4b).
Locally the base of the flat horizontal siltite layers shows
well developed desiccation cracks (Fig. 4c) that indicate a
time gap and subaerial exposure between the deposition of
the pelite mud and the flooding by the silty material. How-
ever, the most common geometry at the base of siltite layers
is simple to pendulous load casts (Owen 2003) with a dia-
pir protrusion of distorted pelites at the nodes of the load-
ing cells (Fig. 4d—e). These structures indicate a relatively
plastic comportment of the underlying pelite mud below the
more cohesive silt layer with density inversion and shear
thinning compatible with the Rayleigh-Taylor instability
when gravity forces overcome elasticity (Harrison and Malt-
man 2003; Mora et al. 2014; Chakrabarti et al. 2018). Care-
ful analysis of the geometry of the thin lamination preserved
in such layers shows that only the basal lamina package is
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deformed and partly sheared by the loading effect and the
gravitational collapse. The intermediate lamina pinch out
on the shoulder of the synform and diapir bulge up to com-
pensate the differential sinking of the cohesive material
(Fig. 4e). This situation is compatible with a relative quick
flooding event after the deposition of the first order pelitic
sequence which remain relatively soupy to low-consistent
during the deposition of the overlying denser siltite materiel.
The top of the carbonate bearing siltite layers is often gra-
dational (Fig. 4b, d—e) with a progressive blue green to red
colour change and fining upward trend (Fig. 4e) indicating
the transition from diluted tractive current to dense suspen-
sion settling.

The second order sequences, packed in the thick pelite
interval, show pluri-millimetre to centimetre thick blue
green to brown wispy to continuous fine carbonate-rich
siltite layers (Figs. 3, 4a—d) locally associated with oscil-
latory ripples or desiccation cracks. These thin layers are
interpreted as temporary drowning of the floodplain by
diluted shallow still stand waters during the large first order
sequence. Some small yellowish dolocrete nodules are also
visible 9 m above the base of the section indicating the pos-
sible development of rooted vegetation. Complementarily,
two intra-pelitic intervals (9.25 m and 10.70 m from the base
of the section) show a cuvette-shape green silty-mudstones
described previously as ‘rigoles’ deposits where abundant
fossiliferous remains were identified and interpreted as the
focalization point of runoff waters after the surface has dried
(Gand et al. 2003a).

Systematic palaeontology
Trails of fishes

Undichna Anderson, 1976
Undichna bina Anderson, 1976
(Fig. 5a-b)

Material: One trail preserved as concave epirelief.
LdLAP-840.

Description: The trail is 25.5 cm long, up to 3.7 cm wide. It
consists of a pair of wavy, in-phase, and horizontal grooves
(Fig. 5a-b). The lateral distance between the waves is up to
2.7 cm long. The amplitude and the wavelength are up to 5
mm high and up to 5 cm long, respectively. The widths of
the two grooves are not similar. The narrowest is 0.5 to 3 mm
wide whereas the largest is 2 to 7 mm wide.

Remarks: Several ichnospecies of Undichna show the
presence of two waves: Undichna britannica and U. bina
(Fig. 6a-b; see also Figure 2 in Minter and Braddy 2006).
When U. britannica shows two waves, it differs from U.
bina by the intertwined and out-of-phase characters of the
waves.
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Fig. 3 Detailed sedimentological column of the Col de Dio section

Undichna britannica Higgs, 1988
(Fig. 5¢c—d)

Material: One trail preserved as convex hyporelief. LALAP-826.
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Description: This trail is 27 cm long, up to 3.5 cm wide
and consists of two, wavy, intertwined, out-of-phase, asym-
metrical, intermittent and horizontal ridges (Fig. 5c—d).
One of the wave shows an amplitude of up to 1.6 cm and
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Tailedes grains

Fig.4 Sedimentological characteristics of the Col de Dio section. a
general view of the upper part of the section showing the typical ‘bar-
code’ facies from alternating blue green carbonate bearing siltites and
splintery red pelites. Note the flat (1) or wavy (2) character at the base
of the thick green siltites layers. The red pelite intervals include very
thin but relatively continuous green to brown clayey siltites layers (3)
highlighting the rhythmicity of the deposits. White triangle indicates
first order sequences. b detailed view of laminated carbonate bearing
siltites layers sandwiched into red pelites showing both flat to slightly
irregular base and flat top (1) and more erosive base topped with large
current ripples (2), Some thin silty layers also show a wavy geometry
compatible with current ripples; (3) fine laminated muddy siltite thin
layer including possible wave ripples and desiccation cracks. ¢ desic-
cation cracks at the base of a flat blue green carbonate layer indicat-
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ing subaerial exposure during arid periods. d close up view of photo
a (white rectangle) showing a thinly laminated blue green carbonate
bearing siltite layer submitted to density inversion and sub-pendulous
load cast (Owen, 2003) development (1) with distorted pelite protru-
sion (2) at the nodes of the loading cells. e sawn transversal section of
a carbonate bearing siltite layer submitted to early gravitational load-
ing and lamina collapse during the deposition of the bed in response
to density inversion, with sub-pendulous load cast development. The
pinch out of the lamina in the shoulder of the synform and flank of
the diapir in the middle part of the layer (white arrows) indicates the
progressive compensation up to flat horizontal lamina deposition. The
progressive upward colour change from green to red in the middle
part of the bed indicates the transition from suboxic to oxic environ-
ment
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5cm

Fig.5 Undichna from the Permian tracksite of Col de Dio. a-b Undichna bina, photograph (a) and interpretative sketch (b); LALAP-840. c—d
Undichna britannica, photograph (c) and interpretative sketch (d); LALAP-826

a b C d e

U. britannica U.bina U.unisulca U.quadrisulcata U.quina
N,

(2 waves) (4 waves) (2 waves) (1 wave) (4 waves) (6 waves) (4 waves) (5 waves)

Fig.6 Diverse morphologies of Undichna ichnospecies. a U. britannica (Higgs 1988). b U. bina (Anderson 1976). ¢ U. unisulca (Gibert et al.
1999). d U. quadrisulcata (Knaust 2019). e U. quina (Trewin 2000)

a wavelength of up to 5 cm. The other wave shows a lower  “trails comprising two out-of-phase, intertwined waves,
amplitude and a longer wavelength (not measurable). The  one of which has a greater amplitude than the other” (see
width of ridges strongly varies (up to 7 mm wide). emended diagnosis of the ichnospecies U. britannica in

Remarks: Based on the following characters, the trail ~ Minter and Braddy 2006).
of the slab LALAP-826 can be ascribed to U. britannica:
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Undichna cf. britannica Higgs, 1988
(Fig. 7a—)

Material: One trail preserved as convex hyporelief.
LdLAP-827.

Description: This trail is 20.5 cm long, up to 3.5 cm wide
and is composed of two, intertwined, out-of-phase, wavy,
asymmetrical and horizontal sharp ridges (Fig. 7a—c). One
of the waves is deeply marked whereas the other is poorly
marked. The sinuosity is not regular. The crests are asym-
metrical, rounded to pointed (Fig. 7a—c). The amplitude and
the wavelength are not constant. The amplitude is up to 3.5

cm long whereas the wavelength varies from 3.2 cm to 4.3
cm. The ridges are up to 5 mm wide.

Remarks: Similarly with the trail of the slab LALAP-826, this
track displays two, intertwined, out-of-phase, wavy, and asym-
metrical waves. These characters match with U. britannica.
However, the difference of amplitude between the two waves,
which is characteristic of U. britannica, is less marked than
the specimen of the slab LALAP-826 (see emended diagnosis
U. britannica in Minter and Braddy 2006).

Undichna unisulca Gibert et al., 1999
(Fig. 8a-b)

5cm

Coord.Z

5cm

Fig.7 a—c Undichna cf. britannica and Characichnos (indicated by the arrows), photograph (a), interpretative sketch (b) and digital elevation

model in false colours (¢); LALAP-827. Ch. Characichnos
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Material: Two trails preserved as concave epireliefs.
LdLAP-841- LdLAP-842.

Description: The longest trail is 27 cm long, up to 2.2 cm
wide. Trails are characterised by a single, horizontal, thin,
unbranched, asymmetric and sinusoidal wave (Fig. 8a-b). The
amplitude varies from 2.5 mm to 9.0 mm whereas the wave-
length varies 4.0 cm to 7.6 cm. The groove is up to 4 mm wide.
Remarks: U. unisulca was described based on specimens
from the Cretaceous of Spain (Gibert et al. 1999). It consists
of the simplest form of Undichna (Fig. 6¢). U. unisulca dif-
fers from Cochlichnus by showing a wavelength which is
higher than 20 mm in length (Minter and Braddy 2006).

Undichna isp.
(Fig. 8c—d)

Material: One trail preserved as convex hyporelief.
LdLAP-828.

Description: This trail is 27 cm long, up to 3.5 cm wide and
consists of four wavy, intertwined, intermittent, sharp, and up
to 3 mm wide ridges (Fig. 8c—d). At least two waves are in-
phase. They display a 2 cm high amplitude and a 13.5 cm long
wavelength.

a

Remarks: Several ichnospecies of Undichna show the
presence of four waves (U. britannica, U. quadrisulcata, U.
quina; Fig. 6a, d—e; see also Figure 2 in Minter and Braddy
2006). When U. britannica shows four waves (Fig. 6a), it
differs from LALAP-828 by the presence of two out-of-phase
intertwined waves and two outer parallel waves with lower
amplitude. U. quadrisulcata differs from LdLAP-828 by
trails forming four to six parallel waves (Fig. 6d; Knaust
2019). U. quina differs from LdLAP-828 by the presence
of in-phase and paired waves (Fig. 6e; see also Figure 2 in
Minter and Braddy 2006). U. quina can also shows a fifth
wave (Fig. 6e).

Associated vertebrate and invertebrate tracks

Characichnos Whyte and Romano, 2001
Characichnos isp.
(Fig. 7a-b)

Material: Two tracks preserved as convex hyporeliefs.
LdLAP-827.

Description: The slab LALAP-827 bears two swimming
tracks of tetrapods (Fig. 7a—b). They are small, up to 12 mm

5cm

Fig.8 Undichna from the Permian tracksite of Col de Dio. a-b Undichna unisulca, photograph (a) and interpretative sketch (b); LALAP-841.
c—d Undichna isp., photograph (a) and interpretative sketch (b); LALAP-828
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«Fig.9 Associated ichnofossils and invertebrate body remains. a-b
cf. Cochlichnus isp., photograph (a) and interpretative sketch (b);
LdLAP-828. c~d Diplichnites gouldi, photograph (c) and interpre-
tative sketch (d); LALAP-850. e—f Diplopodichnus biformis, pho-
tograph (e) and interpretative sketch (f); LALAP-827. g-h triopsid
Heidiops permiensis, photograph (g) and interpretative sketch (h);
LdLAP-846; Ca. carina; D.o. dorsal organ; M.b. mandibular bulge;
M.g. maxillary glands

long, up to 11 mm wide. Tracks are oriented in the same
direction, being probably related to the same trackway. The
distance between the two tracks is 40 mm long. They are
composed of three parallel, quite elongated, thin and straight
marks of digits. Imprints of claw or sole are absent.

Remarks: These tracks can be interpreted as pes or manus
imprints of a small tetrapod half-floating and swimming in
shallow water. Only the tips of the digits touched the sub-
strate. Characichnos is reported from the Carboniferous
to the Cretaceous (Whyte and Romano 2001; Weems and
Lucas 2021) and was identified in several Permian forma-
tions throughout the world (e.g. Argentina, Melchor and Sar-
jeant 2004; Spain, Mujal et al. 2016; USA, Lucas and Spiel-
mann 2009; Lerner and Lucas 2015; Morocco, Moreau et al.
2020). We may notice that on the surface of LALAP-827
Characichnos isp. co-occurs with a swimming trail of fish.

cf. Cochlichnus Hitchcock, 1858
ct. Cochlichnus isp.
(Fig. 9a-b)

Material: One trail preserved as concave epirelief.
LdLAP-828.

Description: This trail is 8.2 cm long, up to 7 mm wide and
consists of an horizontal, thin, unbranched, unornamented
and sinusoidal groove (Fig. 9a-b). The amplitude varies
from 3.5 mm to 5.0 mm whereas the wavelength varies from
17 mm to 23 mm. The ratio amplitude/wavelength varies
from 0.15 to 0.25.

Remarks: The gross morphology of Cochlichnus shares
some similarities with Undichna unisulca (Gibert et al.
1999). Both ichnotaxa are characterised by a single sinu-
soidal wave. According to Gibert et al. (1999), Cochlichnus
differs from U. unisulca in having smaller amplitude and
wavelength values. According to Minter and Braddy (2006),
Cochlichnus should be reserved for specimens with wave-
length around 20 mm (or less) whereas Undichna unisulca
is used for wavelengths greater than 100 mm.

Diplichnites Dawson, 1873
Diplichnites gouldi Gevers et al., 1971
(Fig. 9c—d)

Material: Two slabs bearing numerous traceways preserved
as convex hyporeliefs. LALAP-850-LdLAP-851.

Description: Trackways are simple, straight to curved and
consist of two parallel rows of tiny traces of appendages.
The longest trackway is 4.5 cm long. External and internal
trackway widths are up to 2.0 mm long and up to 0.8 mm
long, respectively. The traces of appendages are numerous,
closely spaced and form an angle with the trackway midline
that varies from 45° to 90°. The traces of appendages are
closely spaced, separated by a distance of up to 0.4 mm.
Traces of appendages are up to 1 mm long and up to 0.3 mm
wide, and sometimes show a bifid end.

Remarks: Diplichnites gouldi was reported from numerous
Permian tracksites throughout the world (e.g. Minter et al.
2007; Avanzini et al. 2011; Lucas et al. 2011; Marchetti et al.
2015; Moreau et al. 2020). Such tracks share similarities
with Acripes multiformis described by Gand et al. (2008)
in Permian from Lodeéve, which includes a very large set of
track morphologies. As suggested by Minter et al. (2007),
the taxonomy of Diplichnites and close relatives (e.g.
Acripes, Asaphoidichnus, Lineatichnus, Merostomichnites,
Multipodichnus, Pentapodichnus, Petalichnus, Protichnites,
Tasmanadia, Trachomatichnus and Umfolozia) needs to be
revised.

Diplopodichnus Brady, 1947
Diplopodichnus biformis Brady, 1947

(Fig. 9e-1)

Material: Three slabs bearing numerous traceways pre-
served as concave epireliefs (LdLAP-827) and convex
hyporeliefs (LALAP-850-LdLAP-851).

Description: The longest traceway has a length of 10 cm.
They are horizontal, unbranched, curved, and up to 1.6 mm
wide (Fig. 9e—f). They consist of two thin and up to 0.6 mm
wide parallel epichnial grooves separated by a central ridge
that is up to 0.6 mm wide (Fig. 9e—f).

Remarks: Diplopodichnus shows a wide stratigraphic range,
occurring in deposits which are Late Proterozoic to the Early
Jurassic in age (Buatois et al. 1998a; Uchman et al. 2011
and references therein). In the Permian basins from France
Diplopodichnus was reported from the Rodez Basin and the
Saint-Affrique Basin (Moreau and Gand 2022; Moreau et al.
2022).

Associated body fossils

Heidiops permiensis (Gand et al., 1997) Werneburg and
Schneider, 2022
(Fig. 9g-h)

Material: Two specimens. LALAP-846, LdLAP-848.

Description: The material includes two fragments of cara-
paces that are three-dimensionally preserved. One of them
is nearly complete (LdLAP-846; Fig. 9g-h). Thorax, telson
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and furca are not preserved. The carapace is longer than
wide (length = 14 mm; width = 11 mm; length/ratio =
1.3), shield-shaped and shows well-marked median dorsal
carina. Anteriorly, the carapace is rounded whereas posterior
margin is deeply concave is the median region. The sur-
face of the carapace is finely granulated (small tubercles).
The mandibular bulge is well-marked. Maxillary glands are
elongated and obliquely oriented upon the anterior part of
the carapace, forming an angle of about 30° with the carina.
The dorsal organ is quite visible, rounded and located on the
anteromedian part of the carapace (slightly anteriorly to the
mandibular bulge).

Remarks: Based on material collected in several sites from
the Salagou Fm. such triopsids were firstly named Triops
cancriformis permiensis by Gand et al. (1997). Werneburg
and Schneider (2022) recently included this taxon in the
monospecific genus Heidiops. Triopsids were reported in
Permian deposits from France (Gand et al. 1997; Garrouste
et al. 2009), Germany (Voigt et al. 2008; Werneburg and
Schneider 2022) and the USA (Ruedemann 1922).

Discussion
Palaeoenvironment and associated faunas

The careful analysis of the sedimentary facies and stacking
pattern of the Col de Dio fossiliferous section indicates
two orders of stratigraphic sequences that rule the alter-
nation of humid and arid cycles in an endorheic terminal
mud-dominated floodplain and playa lake environments
(Tunbridge 1981, 1984) similar to distributive fluvial sys-
tems (Weissmann et al. 2010; Gulliford et al. 2014; Dos
Reis et al. 2019) or terminal fluvial fans (Cain and Mount-
ney 2009). The two nested sequences observed along the
section can be reported to two-order climatic variations of
the Milankovitch band following the works of Schneider
et al. (2006), Tabor and Poulsen (2008) and more recently
Pfeifer et al. (2020). In particular, these last authors con-
sider the few metre-thick sequences (described here as
first order sequences) to high frequency obliquity and/or
precession variability. During humid periods, strongly sea-
sonal rainfall led to extensive overland flow and drowning
of the terminal flood plain which is submitted to overall
high dense silty mud suspension settling. These deposits,
at the origin of the red pelite facies, were poorly favour-
able to the development of life because high turbidity and
sedimentation rate in standing waters and soupy consist-
ent mud. During the arid phases, the terminal floodplain
was progressively dried up and submitted to desiccation
process and periodically invaded by the radial spreading of
unconfined diluted Newtonian flow from the termination
of ephemeral low sinuous channels or overspill processes
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in relation to short seasonal rains. This process led to the
rapid deposition of laterally extensive plane parallel to
rippled laminated blue-green silt material with possible
load cast formation on residual soupy areas, and late car-
bonate precipitation on remaining shallow resting waters
reported to ephemeral playa lakes. Based on the abundance
of palaeontological remains associated to the carbonate
bearing siltites, we suppose that the diluted flow during
semi-arid astronomically controlled cycles favoured the
colonization of the terminal floodplain by abundant animal
and plant life.

The presence of triopsid crustaceans is characteristic
of a terrestrial environment with shallow water such as
temporary puddles, ponds/lakes and floodplain marshes of
hot-dry and temperate climates (Werneburg and Schneider
2022). The co-occurrence of tetrapod swimming tracks
and fish trails on the same surfaces suggests that traces
were produced in very shallow water probably periodically
flooded and emerged (Fig. 10). The dense concentration
of Undichna at 8 m of the stratigraphic section could
suggests that fishes were trapped in shallow ponds or
puddles during dry periods. Although body fossils of fishes
remain unknown in the Salagou Fm., the diverse shapes of
Undichna from Col de Dio suggest that such playa-lake
ecosystems included fishes showing a great diversity of
morphologies and behaviours. According to Higgs (1988),
U. britannica was produced by palaeoniscid fishes; the
wave with the greatest amplitude being attributed to the
caudal fin, whereas the other can be attributed to the
anal fin. Trailmakers of U. unisulca correspond to fishes
whose caudal or anal fins project much further below
the body than any other fin (Gibert et al. 1999). Based
on the very low amplitudes of U. bina, Anderson (1976)
suggested that this ichnospecies was produced by pectoral
fins of actinopterygian fishes. Trewin (2000) suggested
that possible trailmakers of U. bina include fishes with an
anguilliform locomotion where the whole body undulates.

The co-occurrence of fish trails with cf. Cochlichnus,
Diplichnites gouldi and Diplopodichnus biformis attests
that this terrestrial ecosystem was inhabited by diverse
protostomians (Fig. 10). The ichnogenus Cochlichnus
is interpreted as grazing trails (Buatois et al. 1996).
Tracemakers of Cochlichnus are either annelid worms,
nematodes or larvae of insects (Hasiotis 2004). Even
if the specimen LdLAP-828 matches with the diagnosis
of Cochlichnus isp., its morphology is very close to
those of Undichna. We cannot exclude that tracemaker of
LdLAP-828 was a small or a juvenil fish. The trackmakers of
Diplopodichnus biformis were diplopods or other myriapods
(Buatois et al. 1998a). Diplichnites is usually attributed
to a locomotion trace of multi-limb arthropods such as
crustaceans, myriapods, and euthycarcinoids (Minter et al.
2007).
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Fig. 10 Schematic reconstruction of the Col de Dio Permian ecosystem with the associated fauna and tracks. Ch. Characichnos; Coc. Cochlich-
nus; Con. “Conchostraca”; Fis. fish ; Di.i Diplichnites; Di.o. Diplopodichnus; Tri. Triopsid

Comparison with coeval tracksites

In the Paleozoic record, although such co-occurrence of tet-
rapod and fish trails is common in Carboniferous deposits
(Lucas et al. 2004, 2010; Soler-Gijén and Moratalla 2001;
Buatois et al. 1998b; Martin and Pyenson 2005; Fillmore
et al. 2011) it seems rarer in Permian tracksites (Minter and
Braddy 2006; Lerner and Lucas 2015; Ronchi et al. 2018).
Co-occurrences of Undichna with tetrapod tracks were
reported from Permian sites of Italy (Ronchi et al. 2018)
and the United-States (Minter and Braddy 2006; Lerner and
Lucas 2015). In France, although Permian tetrapod tracks
are known since the 19" century (Fabre 1872), the discov-
ery of swimming trails of fishes is recent (Fara et al. 2022;
Moreau and Gand 2022; Moreau et al. 2022). Undichna was
reported in the Permian deposits from Moulin de Latour, in
the Saint-Affrique Basin (Moreau et al. 2022) and Banassac,
in the easternmost edge the Rodez Basin (Moreau and Gand
2022). Trails from these areas were ascribed to Undichna
quadrisulcata, Undichna cf. britannica and several morpho-
types of Undichna isp. Additionally, fish trails under study
are mentioned in the Permian of Ardéche (Fara et al. 2022).
The discovery from the Col de Dio tracksite complements
other coeval French tracksites, suggesting that such ichno-
faunas showing the co-occurrence of fish trails with tetrapod

and arthropod tracks were common in Permian terrestrial
ecosystems from the Eastern Pangean intertropical zone.
In the Lodéve Basin, several layers yielded body fossils of
fishes. They are stratigraphically located in the Usclas-Saint
Privat Fm., the Tuilieres-Loiras Fm. and the lowermost part
of the Viala Fm. (Heyler 1996; Gand et al. 2003b; Lopez
et al. 2022; Fig. 2). These fossils were ascribed to the acan-
thodian Acanthodes sp. and to the actinopterygian Pygop-
terus sp. (Heyler 1969, 1977, 1996). Fish remains from the
Lodeve Basin also include the probable actinopterygian
taxon Usclasichthys macrodens (Heyler 1977). Additionally,
numerous undescribed fishes and elasmobranch coprolites
from the Usclas-Saint Privat Fm. are preserved in the palae-
ontological collections of the Musée de Lodeve (Lopez et al.
2022). They include partial and complete skeletons ascribed
to undeterminate aeduelliform and palaeonisciform fishes.
In the Rodez, Saint-Affrique and Lodeve basins, Undichna
systematically co-occur with tetrapod and arthropod tracks
(Moreau and Gand 2022; Moreau et al. 2022), suggesting
that such ichnoassociation is common in Permian deposits
from southern France. Undichna bearing-surfaces from
Rodez and Saint-Affrique basins yielded both amniotes
and anamniotes trackways (e.g. Amphisauropus latus,
Batrachichnus salamandroides, Dromopus lacertoides,
Ichniotherium; Moreau and Gand 2022; Moreau et al. 2022).

@ Springer
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Conclusions

The palaeontological site from the Col de Dio yields the
first trails of fishes from the Permian deposits of the Lodeve
Basin. This discovery reveals that ichthyofaunas were an
important component in the periodical playa-lake and dried
terminal floodplain ecosystems in which the carbonate bear-
ing siltites of the Salagou Fm. were deposited. These swim-
ming trails of fishes show several morphologies including
one, two or four waves. Three ichnospecies of Undichna are
reported, U. bina, U. britannica and U. unisulca, suggesting
a great diversity of fish morphologies and/or behaviours.
The co-occurrence of Undichna with swimming tracks of
tetrapods suggests that fishes were trapped in very shallow
ponds/lakes or puddles during dry periods. The ichnoassem-
blage including Characichnos, cf. Cochlichnus, Diplichnites,
Diplopodichnus, and Undichna as well as the associated
body fossils demonstrate that such ecosystem was inhabited
by tetrapods, fishes, arthropods (e.g. triopsids, “conchostra-
cans”) and other diverse protostomians during semi-arid
blooms cycles.
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