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ABSTRACT

Jurabrontes curtedulensis, a new ichnogenus and species of Late Jurassic giant theropod dinosaur track
is described based on very well-preserved and morphologically-distinct tracks, all carefully excavated
along federal highway A16 (Canton Jura, NW Switzerland). All trackways were systematically documented
including parameter measurements, descriptions, outline drawings, orthophotos and laserscans.
Jurabrontes is characterised by sub-equal track length and width, a small anterior triangle, weak mesaxony,
three blunt digits (dlI-lll-IV) with pronounced (sub)triangular claw marks, a rounded heel, and clear
phalangeal pad impressions. The combination of features of Jurabrontes is typical for a theropod (and not
ornithopod) trackmaker. Jurabrontes is compared to other similar ichnotaxa and unnamed tracks of large
theropods from the Early Jurassic to Late Cretaceous, from which it is clearly different. The sheer size of
the largest tracks, that are amongst the largest worldwide and of similar size to Tyrannosauripus from the
Late Cretaceous, suggests a ‘megalosaurid’ or large allosaurid theropod as a trackmaker. The presence of
such large theropod tracks in tidal-flat deposits of the Jura carbonate platform and associated with small
to large sauropod tracks has important palaeoecological implications for the dinosaur community and for
palaeoenvironmental and palaeogeographical reconstructions.
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Jurabrontes - urn:lsid:zoobank.org:act:B482D2AF-637A-4B2D-8B0B-FEAD54CA2A26
J. curtedulensis - urn:lsid:zoobank.org:act:30D45944-5A2B-45E1-89B9-20298E475D51

Introduction
and Tithonian Twannbach Formations (Cantons Bern, Jura &

The Upper Jurassic strata of the Swiss Jura Mountains are built up
by shallow-marine carbonates deposited on the large and struc-
turally-complex Jura carbonate platform, which was located at
the northern margin of the Tethys at a palaeolatitude of approxi-
mately 30° N (Thierry 2000; Thierry et al. 2000; Stampfli & Borel
2002). These Late Jurassic sediments were for a long time thought
to be entirely marine deposits despite the fact that numerous
sauropod (‘Cetiosauriscus’ greppini) bones had already been
discovered in 1850 in a quarry near Moutier (Kimmeridgian,
Canton Bern; Greppin 1870; Schwarz et al. 2007). However,
such finds of terrestrial remains were believed to be washed in
and to occur only very exceptionally. This view only changed
when Meyer (1990) reported the first large sauropod tracksite,
the Lommiswil quarry near Solothurn (Late Kimmeridgian,
Canton Solothurn). During subsequent years, over 25 additional
tracksites were discovered in the Kimmeridgian Reuchenette

Neuchatel; e.g.: Meyer 1993; Meyer & Hauser 1994; Meyer &
Lockley 1996; Meyer & Thiiring 2003; Marty et al. 2013), and
this drove 10 years of systematic excavations and documentation
of several, large dinosaur tracksites prior to the construction of
Highway A16 (Late Kimmeridgian, Canton Jura; Marty et al.
2003, 2007; Marty 2008).

Along Highway A16, all together, six tracksites (equalling a
surface of approximately 18,500 m?) with 59 ichnoassemblages
(i.e. an association of true tracks found on a single palaecosurface)
revealed over 14,000 tracks, including 254 sauropod trackways
ranging in absolute (not trackway mean) pes length from 10 to
125 cm and 411 trackways of tridactyl, bipedal dinosaurs ranging
in absolute pes length from 5 to 80 cm. In this paper we focus on
five trackways with 61 tracks left by giant theropods. They were
all excavated and systematically documented by the Paléontologie
A16 (PALA16) project between 2002 and 2011 on tracksites that
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were located on the course of Swiss federal highway A16 prior
to its construction.

A particular focus of this paper are detailed descriptions of
track morphology and trackway configuration, as well as of track
preservation in order to identify those elite tracks that best rep-
resent the anatomy of the pes of the trackmaker.

Ichnotaxonomy of large to giant tridactyl dinosaur tracks
attributed to theropods (and ornithopods) and especially those
of the Late Jurassic and Early Cretaceous, is historically com-
plicated and not an easy matter (Lockley 2000a). It has been
the subject of controversial opinions, with regard to the validity
of certain ichnotaxa (e.g. Lockley 2000b; Lockley et al. 2000a,
2000b vs. Thulborn 2001). Many of these have been discussed
and reviewed by various authors, but at the moment there is no
consensus about the validity or redundancy of most of these ich-
notaxa. Here, we follow ichnotaxonomical proposals of Lockley
et al. (1996, 2000a, 2000b), Lockley (2000a, 2000b) and notably
Lockley et al. (2007), but the reader may also refer to Thulborn
(2001) for an alternative view on the (in)validity of certain ich-
notaxa (Megalosauripus vs. Megalosauropus controversy) and to
bear in mind the problems that are relevant to the ichnotaxon-
omy of large theropod tracks. In our view, it is important to avoid
any further confusion to the ichnotaxonomy of large to giant
tridactyl (theropod) tracks.

As will be outlined in greater detail, this new material is clearly
distinct and different from any previously-named theropod
ichnotaxa, so it is diagnostic of a new ichnotaxon, named
Jurabrontes curtedulensis, of giant theropod dinosaur tracks. It is
outside of the scope of the present paper to review and comment
on the validity of all ichnotaxa of theropod tracks that are similar
to the herein described Jurabrontes, but detailed comparisons
are provided to stress that Jurabrontes clearly is a distinct new
ichnotaxon. It is the result of a difference in the foot morphology
of the trackmaker, and, consequently, we consider the present
introduction of a new large theropod ichnotaxon as the necessary
procedure to identify these tracks, and not as a case of ‘taxonomic
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oversplitting’ adding further confusion to the ichnotaxonomy of
large theropod tracks.

The present track material is also an important complement
to the rare skeletal record of large to giant theropods in the Jura
Mountains and Central Europe in general. Even on the Iberian
Peninsula, which has a relatively rich dinosaur skeletal record,
skeletal remains of large to giant theropods are still comparatively
rare (Cobos et al. 2014).

Finally, occurrences of giant theropod tracks on a global scale,
potential trackmakers, and palaeoecological and palaeo(bio)geo-
graphical inferences are discussed.

General setting
Geographical and geological setting

The studied material comes from three tracksites located about
6 km to the west of Porrentruy (Ajoie district, Canton Jura,
NW Switzerland) on the course of Swiss federal highway A16:
(1) Courtedoux - Bois de Sylleux (CTD-BSY; 47°24'55.4"N
7°01'19.7"E; UTM coordinate 32N 350804 5253223), (2)
Courtedoux — Tchafoué (CTD-TCH; 47°24'13.7"N 7°01'21.6"E;
UTM coordinate 32N 350811 5251935), and (3) Courtedoux -
Sur Combe Ronde (CTD-SCR; 47°24'00.9"N 7°01'36"E; UTM
coordinate 32N 351103 5251532) (Figure 1). These tracksites are
situated on a plateau between Courtedoux and Chevenez, and
they were systematically excavated level-by-level by the PALA16
from 2002 until 2011 (Marty et al. 2003, 2004, 2007; Marty 2008).
Today all tracksites are (partially) destroyed and covered up by
Highway A16, which was opened to traffic in 2014.
Geologically, the study area belongs to the Tabular Jura
Mountains, and is located at the eastern end of the Rhine-Bresse
transfer zone between the Folded Jura Mountains to the south
and east and the Upper Rhine Graben and Vosges Mountains
to the north. Mean elevation is around 500 m and bedding is
(sub)horizontal and affected by normal faults created by several
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Figure 1. Geographical setting of the Ajoie district (NW Switzerland) and the three Late Jurassic tracksites along Highway A16 (‘Transjurane’), where the studied material

comes from. Inset shows location within Switzerland. Numbers indicate the location
(TCH); 3, Courtedoux—Sur Combe Ronde (SCR).

of the tracksites: 1, Courtedoux—Bois de Sylleux (BSY); 2, Courtedoux — Tchafoue
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Figure 2. Schematic figure of the lithological succession of the Reuchenette Formation in the Ajoie district, Canton Jura, NW Switzerland (modified from Marty et al. 2007;
Marty 2008; Comment et al. 2011, 2015). Four track-bearing intervals, named lower, intermediate, and upper dinosaur track levels, and level 600 track levels have been
identified within the Courtedoux Member (Nerinean Limestones sensu Jank et al., 2006b) and were excavated on Highway A16 tracksites. All studied material comes from
the intermediate (levels 1000-1100) and upper (levels 1500-1650) dinosaur track levels, which are shown in greater detail in the magnification on the upper right. The
sequence comprising the track-levels is very well dated with ammonites (Jank et al., 2006a, 2006b; Comment et al. 2011, 2015), some of which in close vicinity to the track
levels, and also with ostracods that confirm the ammonite zonation (Schudack et al. 2013). For the references of the old lithological names refer to Comment et al. (2015).

tectonic phases during the Cenozoic (Giamboni et al. 2004;
Ustaszewski et al. 2005; Braillard 2006).

Stratigraphy and palaeogeography

The studied trackways come from two different track-bearing
laminite intervals (named intermediate and upper track levels,
respectively), separated by approximately 4 m of shallow marine
limestones rich in nerinean gastropods (Marty 2008; Waite et al.
2008; Comment et al. 2011). The intermediate track levels are
also referred to as levels 1000-1100, and the upper ones as levels
1500-1650 (Figure 2).

The sequence with the two track-bearing intervals is part of
the Reuchenette Formation (Thalmann 1966; Gygi 2000). It can
be precisely dated with ammonites both to the Boreal mutabilis
ammonite zone, and to the Tethyan acanthicum zone, i.e. early

Late Kimmeridgian or about 152.7-152.01 Ma (Marty et al. 2003;
Jank et al. 2006a, 2006b; Comment et al. 2011, 2015). Some of
these ammonites were found in layers very close to the dinosaur
track-bearing levels. The age assignment is also confirmed with
ostracods (Schudack et al. 2013).

The Reuchenette Formation was deposited at the northern
margin of the oceanic Ligurian Tethys on a large, structurally
complex carbonate platform (e.g. Thierry 2000; Thierry et al.
2000; Stampfli & Borel 2002). This Jura carbonate platform was
at a palaeolatitude of around 30° N, at the threshold between the
Paris Basin to the northwest and the Tethys Ocean to the south
and thus influenced by both the Tethyan and boreal realms (e.g.
Ziegler 1988; Thierry 2000; Thierry et al. 2000; Jank et al. 2006a).
During the Kimmeridgian, the climate on the Jura carbonate
platform was semi-arid subtropical to Mediterranean with strong
seasonal differences between prolonged, warm, dry summers



and relatively short, wet winters (e.g. Hallam 1984; Frakes et al.
1992; Ross et al. 1992; Weissert & Mohr 1996; Bertling & Insalaco
1998; Rees et al. 2004). The presence of freshwater on the Jura
carbonate platform is testified by the occurrence of charophytes
(Oertli & Ziegler 1958; Marty & Meyer 2013) and corroborated
by hybodontid shark teeth (Asteracanthus) that have an isotopic
signature close to freshwater (Leuzinger et al. 2015).

The recurrent presence of dinosaur tracks and emersive
phases during the Late Jurassic testifies — at least during sea-
level lowstands - to prolonged periods of emersion of the Jura
carbonate platform and connections with the larger terrestrial
landmasses of the London-Brabant Massif in the northeast and/
or the Massif Central in the southwest (Meyer et al. 2006; Marty
2008; Meyer 2011; Marty & Meyer 2013).

Sedimentology and palaeoenvironment

The track-bearing laminite intervals are tabular and platy, thin-
ly-bedded marly limestones, which locally have a slightly stro-
matolitic appearance and have intercalations of thin layers of
calcareous marls (Marty 2008; Marty et al. 2010). Generally, the
microfacies of these laminites is quite homogeneous and can be
described as mudstone to wackestone sensu Dunham (1962), or
dolobiopelmicrite sensu Folk (1962). The most common biogenic
sedimentary structures are (microbial) lamination and inverte-
brate burrows (Marty et al. 2003; Marty 2008).

The track-bearing laminites were deposited in inter- to
supratidal flat or supratidal marsh palaeoenvironments, charac-
terised by an exposure index higher than 60-90% (Marty 2008).
This is indicated by macroscopic (stromatolitic lamination, des-
iccation cracks, wave ripples, invertebrate burrows) and micro-
scopic (e.g. cryptmicrobial lamination, fenestrae, brecciation)
sedimentological features (Marty et al. 2003; Marty 2008; Marty
& Pacton 2009). Marty (2008) suggested that this supratidal-flat
palaeoenvironment was located several hundred metres away
from the coastline towards the open marine realm or an internal
lagoon, and that for most of the time it was characterised by
restricted and hostile conditions, which may have been inter-
rupted by occasional wetting due to periods of rain or storm
surges, and that during or rather at the end of such periods of
wetting, tracks were registered.

The intermediate track levels with a thickness of around 1 m
and at least 15 track-bearing levels are the richest track interval,
whereas the upper track levels are about 30-40 cm thick and
contain only 2-3 track levels (Marty et al. 2007). The intermedi-
ate levels are considered to represent 1-2 elementary sequences
each of 20 kyr. The sequence boundary Kim4 was placed in the
intermediate levels by Colombié and Rameil (2007, Fig. 10), but
probably corresponds to the upper dinosaur track levels (Marty
& Billon-Bruyat 2009), which in turn likely represent one ele-
mentary sequence.

Material and methods
Institutional abbreviations

MJSN: JURASSICA Muséum (formerly Musée jurassien des
sciences naturelles), Porrentruy, Canton Jura, Switzerland;
PALAI6: Paléontologie A16, Section d’archéologie et paléontol-
ogie, Office de la culture, Porrentruy, Canton Jura, Switzerland.
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Studied material

All together, six trackways with 56 tracks are included in this
study. 15 of these were recovered and are stored as specimens in
the collection of the PALA16; six of these recovered tracks were
prepared (see Miserez et al. 2013 for methodology) and acces-
sible for closer study while nine tracks were not prepared and/
or remained covered with fibreglass. 20 tracks were cast and are
stored as polyester copies.

All studied material comes from three tracksites (Figure 1),
excavated by the PALA16, and labelled in a binominal way: first
the community is indicated, followed by the name of the track-
site. The Courtedoux - Bois de Sylleux, Courtedoux — Sur Combe
Ronde, and Courtedoux - Tchafoué tracksites are all located
on the parish area of Courtedoux. For each site an acronym is
defined, which is composed of two sets of three capital letters,
separated by a hyphen, the first three letters indicating the parish,
the latter the tracksite: CTD-BSY for the Courtedoux - Bois de
Sylleux tracksite, CTD-SCR for the Courtedoux — Sur Combe
Ronde, and CTD-TCH for the Courtedoux — Tchafoué tracksite.
For the sake of simplicity ‘BSY’, ‘SCR; and “TCH’ are used in
this publication without the prefix ‘CTD’. Tracksites located on
Highway A16 are referred to as ‘Highway A16 tracksites, whereas
tracksites located besides Highway A16 (e.g. Courtedoux -
Pommerat) and uncovered within the framework of the can-
tonal valorisation project TURASSICA (formerly ‘Paléojura’) are
referred to as ‘cantonal tracksites. Compared to the Highway
A16 tracksites the cantonal tracksites are comparatively small
but they were documented by the PALA16 with the same doc-
umentation standard as the Highway A16 tracksites (e.g. Marty
et al. 2013). However, to date giant theropod tracks were not
uncovered on any of the ‘cantonal tracksites, but one of these sites
(Porrentruy — CPP) has yielded large Megalosauripus theropod
tracks (Razzolini et al. forthcoming).

The three letters acronym of the tracksite in combination
with the year of discovery is used for the labelling of recovered
original tracks (slabs with one to several tracks), preceded by
the institutional abbreviation MJSN. e.g. MJSN-SCR008-10 is
sample number 10 of the year 2008 of the Courtedoux - Sur
Combe Ronde (CTD-SCR) tracksite. In the case of casts, the
letter ‘r’ (for French ‘relevé, or ‘replica’ in English) is added prior
to the sample number. Accordingly, MJSN-SCR009-r15 is the
cast (copy) number 15 of the year 2009 from the Courtedoux -
Sur Combe Ronde tracksite. Thanks to these codes all of the
material can unambiguously be identified and located within
the collection of the MJSN-PALA16.

All original material and casts studied, including the holo-
types, paratypes, and referred specimens, are housed in the
collection of the PALA16 that presumably in 2019 will be trans-
ferred to the JURASSICA Muséum.

None of the studied tracks and trackways are preserved and/or
protected in situ, as the track levels were destroyed by on-going
excavation (e.g. BSY1050, SCR1650, TCH1065), or the track-
sites were covered up and/or destroyed with the construction of
Highway A16 (e.g. SCR1500).

In order to easily refer to a given trackway and track, an abbre-
viation using the acronym of the tracksite, the level, trackway and
track number is used. Accordingly, SCR1500-T6-L8 refers to the
left pes 8 of trackway T6 from level 1500 of the Courtedoux - Sur
Combe Ronde tracksite.
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All described material was excavated, is particularly well
preserved, and the type material (original tracks and casts) is
stored in an official and accessible collection, as proposed in the
palaeoichnological commandments of Sarjeant (1989).

To underline the importance of this new material and validity
of the newly erected ichnotaxon, this study aims to apply a best
practice for the erection of a new vertebrate ichnotaxon, provid-
ing trackway maps, parameter measurements, field and studio
photographs, orthophotos, interpretative 1:1 outline drawings,
and a complete three-dimensional data record. This is indispen-
sable to underline the importance of this new ichnotaxon and to
make it a solid and useful reference for future studies.

Terminology

Trackway and track terminology and labelling follows Marty (2008)
and Marty et al. (2010, 2016) (Figure 3). Trackways are named with
the acronym of the tracksite followed by the level number and
trackway number in order to easily refer to a given trackway and
track. Accordingly, BSY1050-TR1 is trackway TR1 of level 1050 of
the BSY tracksite. For trackways the acronyms “T” for ‘theropod,
‘TR for ‘tridactyl’ (theropod affinity at the time of labelling not
clear), S’ for ‘sauropod; and ‘E’ (French word ‘empreinte’ for track)
for ‘isolated track’ (not attributable to a trackway) are used.

It's important to underline that all studied tracks are true tracks
(of different preservation quality) (Marty et al. 2009; Marty et al.
2016), as shown by the excavation of over- and underlying levels.
A true track is the track bottom respective to the substrate, which
was in direct contact with the trackmaker foot (Gatesy 2003).

Preservation quality (of a true track) can vary from poorly-
preserved, reasonably well-preserved, well-preserved, to excel-
lent (Marty et al. 2016). Poorly preserved refers to true tracks,
which only show the typical gross outline of the foot but lack any
further anatomical details. Well-preserved or excellent refers to
‘perfect’ true tracks with a well-defined outline and impressions
of the toes (phalangeal pads), claws, or even of the skin. Based
on morphological details, Belvedere & Farlow (2016) introduced
a numerical scale (ranging from 0 to 3) to quantify the quality
of preservation of vertebrate tracks, and this scale is used in the
descriptions of the tracks.

Only well-preserved to excellent tracks (at least grade 2.5-3
sensu Belvedere & Farlow 2016) reveal information about the
anatomy of the trackmaker foot; such tracks have also been
named ‘elite tracks’ (Lockley & Hunt 1995; Lockley & Meyer
2000). Only such tracks should be used for ichnotaxonomical
purposes (Marty et al. 2016).

Tracks are illustrated by interpretative outline drawings
exhibiting their distinct and essential characters, as observed on
original specimens or cast with different lightning. Photographs
were taken with grazing light from the upper left (in the case of
collection specimens). In outline drawings, the internal track
outline marks the actual imprint of the foot and defines the track
dimensions, whereas the external track outline and the external
limit of the displacement rim define the overall track including
its extramorphological features (Figure 3(A)).

Size classes

According to Marty (2008, Table 2.2), the following division
of maximum pes length (PL) is used to address size classes

internal track
exterior limit of outline

displacement rim !

progression

external track
outline

reference point

Figure 3. Methodology of track and trackway labelling and parameter
measurements. Note that the pictured tridactyl track does not correspond to
Jurabrontes, it is a schematical track with a typical theropod phalangeal pad
configuration of 2-3-4 for digits dll-lll-IV, respectively. (A) track length (PL) and
width (PW), labelling of digits (d), phalangeal pads (P) and claws (C). The internal
track outline corresponds to the (interpretation of the) actual impression of the
foot; (B) interdigital angles (da) and anterior triangle (AT). PW is the width and ‘te’
the length (measured perpendicular to the width) of the anterior triangle, which
in the present case has an obtuse angle for the the anterior apex indicating a low
mesaxony; (C) digit lengths (L) and widths (W); (D) trackway parameters. Labelling
of trackways always starts with L1; if L1 is missing R1 is the first number used. a is
the rotation (in this case outward and thus a positive value) of the track (long axis)
with respect to the next stride line. LP and RP are left and right pace, respectively;
S is stride; WAP is width of the angulation pattern (measured perpendicular to the
stride length; Marty, 2008), y is pace angulation. The progression is a calculated
value (with the Pythagors’s theorem) and it indicates the forward movement of the
trackmaker in the direction of the trackway during one footfall (pace) (Marty 2008).
Progression is half of the stride in the case of completely regular trackways. The
reference point for the trackway parameter measurements is on the tip of the third
digit (without the claw where preserved).

of tridactyl dinosaur tracks: minute (PL < 10 cm); small
(10 < PL < 20 cm); medium-sized (20 < PL < 30 cm); large
(30 < PL < 50 cm); and giant (PL > 50 cm). Compared to Marty
(2008), the size class ‘giant’ is introduced here for tridactyl tracks
with a maximum pes length of more than 50 cm. Note that
Castanera et al. (2015) used 45 cm for very large tracks, Cobos
etal. (2014) the term ‘large’ for tridactyl tracks longer than 50 cm
in length, while other authors also used ‘giant’ to address particu-
larly large theropod (e.g. Lockley & Hunt 1994a; Lockley et al.
2006) or ornithopod (Mateus & Milan 2008) tracks. According to



Marty (2008, Table 2.2), the following division of maximum pes
length (PL) is used to address size classes of sauropod dinosaur
tracks: tiny (PL < 25 cm); small (25 < PL < 50 cm); medium sized
(50 < PL < 75 cm); and large (PL > 75 cm).

Methodology

In the field, all trackways were excavated, labelled, and mapped at
a 1:20 scale. The best tracks were collected on slabs and/or cast.
Recovered slabs were stabilized and prepared, whereas Berberat
Polyester Sarl (Develier) was charged with the production of
polyester copies.

Laser scans with a resolution on the order of several mm and
orthophotos with a resolution of around 2 mm were made of the
entire track-bearing levels BSY-1050 and SCR-1500 and this data
is stored by the PALA16 (by JURASSICA Muséum from 2019
on). Additionally, selected tracks of the trackway SCR-1500-T1
were scanned at a sub-mm resolution with a FARO Platinum
Scanarm hand-scanner. 3D meshes and the corresponding qual-
ity reports can be downloaded from http://dx.doi.org/10.6084/
m9.figshare.4029285 (approx. 70 MB).

In 2016, measurements of original tracks and cast tracks (by
NLR), and outline drawings on transparent Folex monofilm
and digital outline drawings were made (with Adobe Illustrator
CS5). Additionally, high-resolution photogrammetric models
were generated from the collected specimens and the casts in
the collection, in order to allow a detailed documentation and
morphological study.

Photogrammetry

The photographs used for the photogrammetric 3D models were
taken with a Canon 70D 20 Mpixel camera, equipped with a
Canon 10-18 mm STS or a Canon 18-135 mm STS lens and a
Canon ring flash (Macro Ring Lite MR-14 EXII), to eliminate
the shadows generated by sunlight. Models were created using
Agisoft Photoscan Pro (v. 1.2.4 and v. 1.2.5; www.agisoft.com) fol-
lowing the procedures of Mallison & Wings (2014) and Matthews
etal. (2016). Scaling and alignment was made in Photoscan Pro.
The scaled meshes, exported Stanford PLY files (.ply), were then
processed in CloudComapre (www.cloudcompare.com), where
the meshes where accurately oriented through the generation
of a plane intersecting the mesh, in order to avoid imprecise
alignment due to the roughness and irregularity of the surface;
the fitting generates a matrice that is then used to rotate the
mesh. Then it was possible to create accurate false colour depth-
maps through the ‘Export coordinate(s) to the SF(s)’ function.
Afterwards, Rhinoceros (www.rhino3d.com) was used to create
contour lines. All photogrammetric meshes used in this study,
and the related quality reports, are available for download here:
http://dx.doi.org/10.6084/m9.figshare.4029291 (approximately,
1.7 GB).

Track & trackway parameter measurements in the field

In the field, track (Figure 3(A)) and trackway parameters (Figure
3(D)) were systematically measured following standard ichno-
logical terminology (e.g. Leonardi 1987; Thulborn 1990; Marty
2008), and all of this track and trackway parameter data includ-
ing mean parameters per trackways and standard deviations per
trackway are given in Supplementary data 1.
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For trackway parameter measurements, the distal end of the
third digit (and not the tip of the claw) is used as reference point.
Tracks directed outward with respect to the line connecting it
with the consecutive track (the stride) have an outward (positive)
rotation and those directed inward an inward (negative) rotation.
For the quantification of trackway gauge (trackway width), the
ratio between the width of the angulation pattern and the corre-
sponding track length ([WAP/PL]-ratio) is used (see also Marty
2008; Marty et al. 2010).

Trackways as interpreted in the field were mapped and are
illustrated by outline drawings exhibiting the distinct and essen-
tial characters of the tracks. In the trackway outline drawings, the
internal track outline marks the actual imprint (impression) of
the foot (track floor) and defines the track dimensions (length,
width), whereas the external track outline and the external limit
of the displacement rim define the extramorphological features
of the tracks (Figure 3(A)).

Track measurements in the collection (Table 1)

Detailed track measurements (phalanges, claws) were carried
out on original material and casts (copies) of the holotype,
paratypes and referred specimens stored in the collection of the
PALA16 and this data is given in Table 1. Track (pes) length (PL)
is measured from the maximum distal point of digit III (anterior
point of PIII3, excluding the claw mark where preserved) to the
maximum proximal point of the first phalangeal pad of digit IV
(PIV1) or the metatarso-phalangeal pad impression where pres-
ent (Figure 3(A)). Track (pes) width (PW) is measured between
the tips of the lateral digits IT and IV (Figure 3(A)), and not
between the tip of the claw marks even if preserved.

The anterior triangle (AT), originally defined by Weems
(1992, Fig. 2), is measured between the distal ends of the three
digits (Figure 3(B)) following Lockley (2009), and not between
the tips of the three claw marks as proposed by Weems (1992, Fig.
2) because the claws are often variably preserved and/or mostly
not preserved on all three digits. The maximum height of the
triangle (te) is measured, perpendicular to the transverse base
of the triangle (corresponding to PW) and its length/width-ratio
([te/PW]-ratio) is calculated following the definition of Weems
(1992), who called this ratio ‘toe extension/foot width-ratio, used
to characterise how much digit I projects anteriorly beyond lat-
eral digit IV and medial digit IT as expressed by polarity between
strong mesaxony (strong central tendency) and weak mesaxony
(weak central tendency) (Lockley 2009).

Interdigital angles (da) are measured from the intercepting
lines dividing the digits in halves (Figure 3(B)). These lines are
also used as guides when measuring digit II, IIT and IV lengths
and widths (Figure 3(C)) and phalangeal pad PII1/2, PIII1/2/3
and PIV1/2/3/4 lengths (numbered from proximal to distal as in
Figure 3(A)). Digit and phalangeal pad widths are measured trac-
ing a line at the point of greatest width perpendicular to the long
axis (intercepting line) of the digit or phalangeal pad impression.

Calculation of locomotion speed

Calculation of locomotion speed (v) derives from the empirical
relationship (v > 0.25 g8 h™17; § = stride, h = hip height,
g = acceleration of free fall) obtained by Alexander (1976)
and for the calculation of hip height the factor 4.9 is used:
h =4.9 x PL (Thulborn 1989; Thulborn 1990). Because of several


http://dx.doi.org/10.6084/m9.figshare.4029285
http://dx.doi.org/10.6084/m9.figshare.4029285
http://www.agisoft.com
http://www.cloudcompare.com
http://www.rhino3d.com
http://dx.doi.org/10.6084/m9.figshare.4029291
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shortcomings of this empirical relationship due to the estimation
of hip height based on tracks and the a priori unknown precise
trackmaker (e.g. Coombs 1978; Rainforth & Manzella 2007), as
well as the unknown precise relationship between relative stride
length (S/h) and the Froude number (speed?/leg length x g) for
dinosaurs (Alexander 2006), speed calculations are considered
rough approximations only (Hutchinson et al. 2005; Alexander
2006). Nonetheless, Alexander’s (1976) method is at least inform-
ative providing an estimation for the magnitude of the locomo-
tion speed of a dinosaur trackway and, more importantly, for
the relative speed of a given sample of trackways. All values are
indicated in Supplementary data 1.

Virtual tracks

The oriented meshes were also used to generate virtual tracks
through DigTrace Academic v. 1.0 (www.digtrace.co.uk; Budka
etal. 2016). The software compares a track population based on
the topographical differences among the individual tracks and
provides virtual tracks based on the statistical comparison. As
an output, e.g. a mean footprint, based on the mean values of all
tracks can be calculated.

Two sets of data were treated with DigTrace: firstly, the holo-
type and paratypes, in order to create trustworthy mean and
median types; secondly all available tracks from the holotype
trackway were compared. In this way, statistical models from the
holotype, paratypes and the other tracks of trackway SCR1500-T1
were obtained. These statistical models, especially the mean and
median shapes, account for most of the (extramorphological)
variations within the tracks along a (type) trackway, making
future taxonomical comparison and identifications more accu-
rate. The output pointclouds of the virtual tracks can be down-
loaded here: http://dx.doi.org/10.6084/m9.figshare.4205244.

The point clouds were processed in CloudComapre using
the ‘Delaunay 2.5D (best fitting plane)” function to obtain the
meshes. Colour maps of the variation where obtained with the
same procedure as for the depth maps.

Description of tracks and trackways

Hereafter, trackway descriptions are given. Trackway identifica-
tion considers the chapter systematic palacontology that follows
afterwards.

Trackway SCR1500-T1 (trackway with holotype, Figures
4-6(A)—(I), Supplementary data 2)

This is the best-preserved trackway of a giant theropod
from a Highway A16 tracksite. It is composed of 16 tracks,
with only one left track (L3) missing. Six tracks (R3, L4, R4,
L7, R7, L8) of the trackway were recovered (Supplementary
data 3) and five tracks (R3, L4, R4, L5, L7) were cast. Of the
six tracks recovered, the three best-preserved tracks (L7, R7,
L8) were stabilized and prepared, while the other three, less
well-preserved tracks were stabilized but remained with the
fibreglass-cover and thus were not available for more detailed
descriptions and measurements.

The first four tracks (L1, R1, L2, R2) are incomplete and
poorly preserved because of karstification. From R3 on the
quality and completeness of the tracks increases and the tracks
R4, L5, R6, L7, R7 and L8 are all very well preserved showing
substantial anatomical details such as phalangeal pad and claw
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impressions. These tracks show a very good preservation quality
of grade 2.5-3 (Belvedere & Farlow 2016).

All tracks are shallow (max. 20 mm, typically around 15 mm)
compared to their large size, have short track walls, and very
often lack any displacement rims.

The mean pes length of all tracks of SCR1500-T1 is 49.2 cm
(Supplementary data 1). However, the holotype (L7) and the
two paratypes (R7, L8) tracks all have a pes length of more
than 50 cm, so that this trackway is considered as giant (pes
length > 50 cm) because the mean track length of slightly less
than 50 cm is affected by poorly-preserved, incomplete (preser-
vation quality grade 2), and thus shorter tracks (notably L2 and
R2) at the beginning of the trackway.

As indicated in Table 1, the well-preserved tracks are longer
(50.6 cm mean PL) than wide (41.8 cm mean PW), resulting in
a [PL/PW]-ratio of 1.21. They have a weak mesaxony, i.e. the
anterior apex of the anterior triangle has a clearly obtuse angle
(Weems 1992; Lockley 2009). The [te/PW]-ratio of the anterior
triangle has a mean value of 0.38 (min 0.34; max. 0.46).

All tracks are tridactyl with three broad, massive digits,
tapering towards the distal part and terminating with wide sub-
triangular claw marks if preserved. Depending on the preservation,
claws may be rounded to sharp. Mostly, the two lateral sides of
the triangle formed by the claw are straight and of equal length;
rarely all three sides are of different length and occasionally one
lateral side is vertical while the other is curved, giving the claw
a ‘D’ shape. Claw orientation can be straight forward (dII, dIII,
dIV), inwardly (dIL, dIII) or outwardly (only on dIV) rotated.

Discrete digital pad impressions are clearly present and corre-
spond to the typical theropod formula of 2-3-4 for digits II-III-IV;
respectively. A very peculiar and recurrent feature is the proximal
pad impression of digit I1I that is located approximately in the mid-
dle of the track, often not precisely aligned (more external) with
the digit IIT main axis and quite detached from the other pads of
digit ITI. This pad is interpreted as PIII1. The anterior part of digit
II1 is generally straight or very slightly inward bent. The asymmet-
rical sub-triangular shape of the heel region is mainly determined
by the impression of the proximal pad of digit IV. There is no
evidence for a hallux in any of the tracks. Digit IV (39 cm) is the
longest followed by digit ITI (29.9 cm, without the central isolated
pad) and II (22.5 cm). The mean total IIATV divarication angle is
46° (min 40° max. 51°), with a mean IIAIII divarication angle of
18.7° (min 12° max. 28°) and a mean IIIAIV divarication angle
of 27.3° (min 20° max. 37°).

Trackway orientation is roughly from S to N. The trackway has
aregular configuration with a mean left pace length of 151.8 cm
and mean right pace length of 151.4 cm, both with about the
same low degree of variability. Mean stride length is 303.5 cm,
mean pace angulation 172°, and speed estimation is 8.1 km/h.
The high pace angulation together with a [WAP/PL]-ratio of 0.2
characterises this trackway as very narrow. Two left and two right
pes tracks are slightly inward rotated (mean left pes rotation: —2°
mean right pes rotation: —4°), while the remaining tracks have a
rotation of 0° (aligned with the trackway axis).

Trackway BSY1050-TR1 (trackway with referred specimen,
Supplementary data 4A-C)

Trackway composed of 16 tracks with only one track (R5)
missing. Track TR1-L8 is the best preserved and was recovered
(BSY008-188); several other less well-preserved tracks were cast


http://www.digtrace.co.uk
http://dx.doi.org/10.6084/m9.figshare.4205244
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Figure 4. Sur Combe Ronde tracksite, level 1500 with the holotype trackway SCR1500-T1 of Jurabrontes curtedulensis before its destruction by construction of Highway
A16. (A) ortophoto with indicated track numbers. Track L3 is not preserved due to karstification; (B) overview photo of the trackway; (C) overview photo of some of the
best-preserved tracks (L6, R6, L7) at the end of the trackway. Note that the holotype track L8 is not visible in this photo; (D) overview photo of trackway T1 taken during
the in-field digitisation of the best-preserved tracks with a FARO Platinum Scanarm hand-scanner mounted on a tripod (May 2011).

(L4-R4-L5 on BSY008-r100; L8 on BSY008-195). Generally, the
track preservation is not as good as in some of the tracks of
trackway TR2 from the same level, and the tracks show a rather
poor preservation (grade 1.5), possibly also related to kinemat-
ics (locomotor style) that were unsuitable for the formation of
well-defined tracks.

The tracks show three well-separated, broad and massive dig-
its but no clear claw impressions, and in most of the tracks (apart
from R2 and L8) the heel is not very well marked. Discrete digital
pad impressions are only occasionally present, and there is no
evidence for a hallux in any of the tracks. Displacement rims are
rare and if present small.

Tracks are longer (50.9 cm mean PL) than wide (42 cm mean
PW), resulting in a [PL/PW]-ratio of 1.21. They have a weak
mesaxony, i.e. the anterior apex of the anterior triangle has an

obtuse angle (Weems 1992; Lockley 2009). In L8, the [te/PW]-
ratio of the anterior triangle is 0.48, and dIII and dIV are of equal
length (27.5 cm), while dII is clearly shorter (23 cm). In L8, the
total IIAIV divarication angle is 52° with a IIAIII divarication
angle of 27° and a IIIAIV divarication angle of 25°.

The trackway has a regular configuration with a mean left
pace length of 152 cm and mean right pace length of 156.1 cm,
both with about the same low degree of variability. Mean stride
length is 304.7 cm, speed estimation is 7.9 km/h, and mean pace
angulation is 164°. The latter together with a [WAP/PL]-ratio
of 0.4 characterises this trackway as very narrow. The mean left
pes rotation is 6° and the mean right pes rotation is 2°, thus both
slightly rotated outwards.

Trackway orientation is roughly from NW to SW, and TR1
crosses sauropod trackway BSY1050-S2 from the right to the left
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Figure 5. Jurabrontes curtedulensis holotype track SCR1500-T1-L8 (collection No.: MJSN-SCR011-553). (A) photograph of the specimen in the collection (scale 20 cm,
grazing light from upper left); (B) outline drawing of the holotype; (C) contour lines with a spacing of 1 mm; (D) false-colour depth map (dark red is the highest point, dark
purple the lowest); (E) map of trackway SCR1500-T1 with holotype track L8, indicated by red square.

respectively to the middle of S2. TR1 was left later than (follows’)
S2 as it overprints the tracks S2-LM5 (overprinted by TR1-L7)
and S2-LP7 (overprinted by TR1-L9).

Trackway BSY1050-TR2 (trackway with paratype, Figure 6
K-N, Supplementary data 4B-E)

Trackway composed of 10 tracks with one missing track (R4,
stolen from the site prior to documentation). Four tracks were
recovered: L3 (BSY008-190), R3 (BSY008-189), and L6 (BSY008-
155). Four tracks R2, L3, R3, L4 were cast (all on BSY008-r88).
The track R3 (paratype track) is the best preserved (preservation
grade 2), showing some substantial details, and with a PL of
78.5 cm and PW of 52.5 cm also is the largest theropod track
found on Highway A16. All other tracks of TR2 are less well pre-
served and also smaller than R3 due to incomplete preservation;
their preservation is similar to the tracks of TR1 (preservation
grade 1.5).

The best-preserved tracks (L3 and notably R3) show three
well-separated, broad and massive digits with discrete digital

pad impressions, three claw impressions, and a well-marked
elongated heel (metatarsal) impression. Compared to the shal-
low tracks of trackway SCR1500-T1, the tracks of BSY1050-TR2
(and notably the track R3) are much deeper (about 4 cm) and
testify a different preservation style in a softer and/or thicker
layer of substrate possibly also accounting for the impression of
the large heel area.

Track R3 (paratype): Discrete digital pad impressions are
present and correspond to a formula of 2-3-3 for digits II-III-1V,
respectively. The fourth pad in dIV, that is typical for theropods,
is not clearly visible; it may be fused or impressed within the
large heel area. The proximal pad impression of dIII is located
approximately in the middle of the footprint, and slightly detached
from the other pads of dIII. The anterior part of dIIl is straight. The
heel impression is large and has an asymmetrical sub-triangular
shape and there is some evidence for a short and laterally-
projected dI (hallux) impression. However, this hallux-like
indentation is very shallow and there are other cracks around
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Figure 6. Jurabrontes curtedulensis paratype tracks. (A-D) Paratype SCR1500-T1-R7; (A) photograph of the specimen in the collection (scale 20 cm, grazing light from
upper left); (B) outline drawing; (C) contour lines with a spacing of 1 mm; (D) false-colour depth map (dark red is the highest point, dark purple the lowest); (E-H): paratype
SCR1500-T1-L7; (E) photograph of the specimen in the collection (scale 20 cm, grazing light from upper left); (F) outline drawing; (G) contour lines with a spacing of T mm;
(H) false-colour depth map (dark red is the highest point, dark purple the lowest); (I) map of trackway SCR1500-T1 with paratypes indicated by red squares; (J-M): paratype
BSY1050-TR2-R3; (J) photograph of the specimen in the collection (scale 20 cm, grazing light from upper left); (K) outline drawing; (L) contour lines with a spacing of 1 mm;
(M) false-colour depth map (dark red is the highest point, dark purple the lowest); (N) map of trackway BSY1050-TR2 with paratype indicated by red square; (O-R): virtual
tracks generated in DigTrace Academic v. 1.0. Tracks are figured as left tracks. Arrows indicate the position of the plll1 phalangeal pad. Blue indicates the deeper parts, red
the more relieved; (0) track generated from the mean values of trackway SCR1500-T1 footprints (7 specimens); (P) track generated from the median values of trackway
SCR1500-T1 footprints (7 specimens); (Q) track generated from the mean values of the type specimens (SCR1500-T1-L8, SCR1500-T1-R7, SCR1500-T1-L7, BSY1050-TR2-R3);
(R) track generated from the median values of the type specimens (SCR1500-T1-L8, SCR1500-T1-R7, SCR1500-T1-L7, BSY1050-TR2-R3). In both cases (Q, R) it is worth
noticing the influence of the deeper BSY1050-TR2-R3 on the overall shape of the track.



it, so that it cannot be excluded that it is a preservation artefact,
also as it was not observed on any of the other tracks.

The track L8 presents a completely different morphology with
a larger dIV, a very broad and almost elliptical dIII, a shortened
dII and higher displacement rim on the right (internal) side of
the track, very likely due to an inward rotation of the foot (kin-
ematics) and associated deformation of the track.

On average, tracks are longer (68 cm mean PL) than wide
(48 cm mean PW), resulting in a mean [PL/PW]-ratio of 1.4. They
have a weak mesaxony, i.e. the anterior apex of the anterior triangle
has an obtuse angle angle (Weems 1992; Lockley 2009). The mean
[te/PW]-ratio of the anterior triangle is 0.47. Digit IV (51.7 cm)
is the longest followed by digit IIT (50.8 cm) and II (35.2 cm).
The mean total IIANIV divarication angle is 44.3° (min 37° max.
53°), with a mean IIAIII divarication angle of 22° (min 15°%
max. 26°) and a mean IIIAIV divarication angle of 26° (min 22°
max. 27°).

The trackway makes a slight turn to the W (left) after R3, but
otherwise has a regular configuration with a mean left pace length
of 149.3 cm and mean right pace length of 147.3 cm, both with
about the same low degree of variability. Mean stride length is
296.7 cm, speed estimation is 5.4 km/h, and mean pace angulation
is 151°. The latter together with a [WAP/PL]-ratio of 0.6 character-
ises this trackway as narrow. The mean left pes rotation is —3° and
the mean right pes rotation is 6°, and it is for both quite variable
(but never extreme) including both negative and positive values.

Trackway orientation is approximately from S to N, crossing
the large sauropod trackway BSY1050-S6 heading from E to W,
and the two large sauropod trackways S4 and S5 heading approx-
imately in the opposite direction (N to S).

Trackways TCH1065-T26 & T27 (Supplementary data 5)

Both these trackways were first excavated as over-trackways
on level 1070, and, due to the oval to round shape of the over-
tracks, were misinterpreted as pes-only sauropod trackways and
accordingly named TCH1070-S1 and S2. Only when the under-
lying level 1065 was excavated, it became clear that the tracks on
level 1070 are overtracks and that these two ‘sauropod’ trackways
of level 1070 are actually giant tridactyl trackways.

However, on level 1065 all of the track fills were amalgamated
and in the field could not be completely removed. Five tracks
were recovered, but at the time of this study they were still not
prepared, and thus it's not possible to provide more detailed
information about their track morphology neither was it possi-
ble to obtain precise track measurements.

Nonetheless, on the track TCH1065-T26-L3 (first named as
TCH1070-E97, then S2-RP2 when misinterpreted as sauropod
track, original specimen MJSN-TCHO006-27), three quite deep
and blunt digits surrounded by large displacement rims can be
identified.

The trackway parameter measurements taken on the over-
tracks on level 1070 may serve as a proxy for these two trackways,
but the track parameters (PL, PW), on the other hand, clearly
underestimate the size of the true tracks on level 1065. e.g. the
mean track pes length for trackway T26 as measured on the over-
tracks is 43.5 cm, while an estimation of the track length on track
TCHI1065-T26-L3 indicates that the pes length is around 60 cm.

TCH1065-T26 (formerly TCH1070-S1) is composed of 8
and TCH1065-T26 (formerly TCH1070-S2) of 6 steps, and both
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trackways are heading from (approximately) NE to SW and are
parallel to each other (Supplementary data 5). It's not possible to
unambiguously assign these two trackways to Jurabrontes, and
therefore we address these trackways in open nomenclature as
cf. Jurabrontes.

Trackway SCR1650-T1 (Supplementary data 6)

Trackway composed of two tracks only, one of which was
recovered (SCR1650-T1-L1; specimen MJSN-SCR007-7) but at
the time of this study was still unprepared (with fibreglass cover)
and could not be studied in detail. Thus, the following descrip-
tion is based on field measurements and observations.

Track SCR1650-T1-L1 shows three blunt and massive dig-
its without phalangeal pads and claw impressions. The track
SCR1650-T1-R1 exhibited three poorly preserved digits.

Tracks are wider (63 cm mean PW) than long (57 cm mean
PL) resulting in a [PL/PW]-ratio of 0.9. Digit dIV is the longest
(41.3 cm), followed by dII (37.5 cm) and dIII (31.8 cm). The
mean total IIANTV divarication angle is 44° with a mean IIAIIT
divarication angle of 28° and a mean IIIAIV divarication angle
of 16°. Pace length is 160.5 cm; other trackway parameters could
not be obtained since this is a 2-step trackway. It’s not possible to
unambiguously assign this trackway to Jurabrontes, and therefore
we address this trackway in open nomenclature as cf. Jurabrontes.

Large theropod trackways from level 1500 of the TCH and
BSY tracksites

The Jurabrontes holotype trackway is from level SCR1500, and
this level can be correlated with the levels 1500 of the TCH and
BSY tracksites, where three more trackways of large (but not giant)
theropods were discovered. All these trackways (BSY1500-T1,
BSY1500-T2, TCH1500-T1) are poorly preserved (grade 1 sensu
Belvedere & Farlow 2016), lacking substantial details such as dig-
ital pad and claw impressions. They were neither recovered nor
cast, and were destroyed by the construction of Highway A16.
Because of a more elongate shape and separated digits and their
smaller size (mean PL of around 40 cm), these trackways are dif-
ferent from Jurabrontes and can be addressed as Megalosauripus-
type trackways (see also Razzolini et al. forthcoming).

Description and interpretation of ichnoassemblages

Ichnoassemblage BSY1050 (Figure 7A-E)

This ichnoassemblage (excavated surface) has a rectangu-
lar shape with a surface of approximately 708 m?2 With a total
of 405 tracks or =0.6 tracks per m? this ichnoassemblage has
a light dinoturbation index sensu Lockley and Conrad (1989).
Ichnoassemblage BSY1050 cannot unambiguously be correlated
with level 1050 or other close-by levels (e.g. TCH1065) from
other Highway A16 tracksites.

Apart from two trackways of giant theropods (TR1, TR2),
28 small trackways (similar tracks were tentatively assigned to
Carmelopodus by Marty, 2008), and one medium-sized tridactyl
trackway, this ichnoassemblage is characterised by the presence
of one medium-sized (mean PL of 69 cm) and seven large sauro-
pod trackways with a mean pes length between 85 and 112 cm.
There are no trackways of small sauropods present, in contrast
to the majority of the other Highway A16 ichnoassemblages.
Interestingly, on level 1040, located not even 10 cm below level
1050, nine trackways of tiny, and 17 trackways of small sauropods
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were uncovered, while no trackways of medium-sized to large
sauropods were found.

On ichnoassemblage BSY1050, both giant theropod and
medium-sized to large sauropod trackways exhibit approxi-
mately the same bimodal orientation pattern (SE-NW), while
the small to medium-sized tridactyl trackways, most of which,
with a clear theropod morphology, show a scattered distribution
over all four quadrants with no marked preference in orienta-
tion (Figure 7(A)). Such a ‘random’ distribution of similar-sized
tridactyl trackways was already described by Marty (2008) from
level 500 of the Combe Ronde (CRO) tracksite, and was inter-
preted to reflect behaviour of an active and small animal that
was frequently (habitually) present in a tidal-flat environment.

The giant theropod trackway BSY1050-TR1 clearly overprints
atleast one pes track (LP7) of sauropod trackway BSY1050-S2 and
was thus left after the sauropod trackway. It may be speculated
that TR1 ‘followed’ S2, which is supported by the very similar
preservation (with displacement rims) and track depth, indicating
that both trackways were left during a short period (hours to a few
days), as the substrate quickly dries up on supratidal flats in an
arid subtropical setting. Nevertheless, the precise time that elapsed
between these two trackways (respectively ‘how close’ the thero-
pod was to the sauropod) cannot be determined. Furthermore,
the similar orientation pattern of the giant theropod and medi-
um-sized to large sauropod trackways may indicate that thereisa
correlation between these two trackmakers (e.g. giant theropods
‘following’ sauropods). However, this trend may also simply be the
result of the presence of a shoreline or another physical constraint.

Ichnoassemblage TCH1065 (Supplementary data 5)

This ichnoassemblage has an irregular shape with a surface of
approximately 64 m?. With a total of 189 tracks or =3 tracks per
m? this ichnoassemblage has a moderate dinoturbation index.
Ichnoassemblage TCH1065 cannot unambiguously be correlated
with level 1065 or other levels (e.g. BSY1050) excavated on other
Highway A16 tracksites.

It is one of the few ichnoassemblages that consists of tridactyl
tracks only and does not contain any sauropod tracks, in con-
trast to the majority of the Highway A16 ichnoassemblages. It is
characterised by a very high density of small to medium-sized
tridactyl tracks. Wave ripple marks and desiccation cracks are
found on this surface as well. Besides 22 small and three medi-
um-sized tridactyl trackways with clear theropod morphology,
two parallel trackways (TCH1065-T26, TCH1065-T27) of giant
theropods were found. Unfortunately, the track fills were welded
so hard to the tracks, that the true track floors could not be
excavated or prepared. Thus, the trackway configuration and
parameters could only be documented from the over-trackways
(named TCH1070-S1 and TCH1070-S2) located on level 1070.
The over-trackways clearly show that the two trackways are
parallel to each other with an intratrackway spacing of about
1.5 m, and that both trackways are heading in the same direction
(=SW). As in the BSY1050 ichnoassemblage, the small to medi-
um-sized tridactyl trackways show quite a ‘randony’ distribution
over all four quadrants with no marked preference in orientation.

Ichnoassemblage SCR1500 (Fig. 4, 7F-G)

This ichnoassemblage has a rectangular surface of approxi-
mately 907 m?. Compared to the quite large excavated surface,
this ichnoassemblage is, with a total of 79 tracks or ~0.1 tracks

per m?, one of those from Highway A16 with the lowest track
density (dinoturbation index).

It is one of the few ichnoassemblages that consists only of tri-
dactyl tracks but does not exhibit any sauropod tracks. Besides the
giant theropod trackway (SCR1500-T1), seven other trackways
and some isolated tracks of small tridactyl dinosaurs were found.
While the small tridactyl tracks are rather poorly preserved and
do not exhibit an unambiguous theropod morphology, trackway
TR1 (including the holotype of Jurabrontes) is the best-preserved
trackway of a giant theropod that was uncovered on Highway
Al6. The small tridactyl trackway SCR1500-T+4 runs parallel and
at close distance to trackway SCR1500-T1. On level 1500 several
bones of marine crocodiles and pycnodont fish teeth were found,
and ripple patches could be observed at several places.

Trackway SCR1500-T1 is oriented towards the N, while again
the small tridactyl trackways show quite a ‘random’ distribution
over all four quadrants with no marked preference in orientation.

Ichnoassemblage SCR1500 can be correlated with level 1500
of the CTD-TCH, CTD-BSY and most likely also CTD-PMM
(Courtedoux — Pommerat; cantonal tracksite located besides
Highway A16) tracksites. On TCH1500 and BSY1500, three
trackways of large theropods were documented, but these track-
ways (BSY1500-T1, BSY1500-T2, TCH1500-T1) are all poorly
preserved. Nonetheless, these three trackways can be identified as
Megalosauripus-type tracks, because the better-preserved tracks
have more slender digits and the tracks are smaller (around 40 cm
mean PL) than Jurabrontes. PMM1500 exhibits a trackway of a large
(mean PL of 109 cm) sauropod (described in Marty et al. 2010)
together with at least two small tridactyl trackways most likely left
by small theropods, but so far no tracks of large or giant theropods.
However, the excavated surface is not very large (about 31 m?).

Ichnoassemblage SCR1650 (Supplementary data 6)

This ichnoassemblage could only be excavated over a small
surface of about 9 x 5 m. With a total of 18 tracks or ~0.5 tracks
per m? this ichnoassemblage has a light dinoturbation index.

Besides two giant theropod tracks that form a short trackway
(T1, heading NW), about 18 isolated, oval to rounded tracks
were discovered. The latter likely correspond to pes and manus
tracks of medium-sized sauropods, but no trackways could be
identified. Also none of these tracks exhibited any morphological
feature such as digit and claw impressions that would allow an
unambiguous assignment of these tracks to a sauropod track-
maker. Level 1650 is the uppermost (youngest) track level found
on the tracksites of Highway A16.

To summarise, ichnoassemblage BSY1050 shows an overall
association of giant theropods, large sauropods and small to
medium-sized theropod trackways; level 1500 (ichnoassem-
blages BSY1500, PMM1505, SCR1500, TCH1500) shows an
association of a giant theropod with a large sauropod, small tri-
dactyl tracks (likely theropods), and large Megalosauripus-type
theropod tracks; and level 1065 reveals small to medium-sized
and giant theropod tracks. Likely, all of the small to medi-
um-sized tridactyl tracks were left by theropods, even though a
small ornithischian trackmaker cannot completely be ruled out
for some of the small (poorly-preserved) tridactyl trackways (see
also Marty 2008).

Interestingly, on levels 1050 and 1500 (named 1505 at PMM)
trackways of large sauropods were present, but no tracks of small
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Figure 7. Schematic trackway orientation diagrams for levels SCR1500 and BSY1050, drawn to scale. Dashed lines indicate theropod trackways (T), grey lines sauropod
trackways (S), and coloured lines (red, green, blue) the three Jurabrontes trackways (SCR1500-T1, BSY1050-TR1, BSY1050-TR2). (A) level BSY1050, the blue line indicates
trackway BSY1050-TR2 with one paratype; the green line indicates trackway (BSY1050-TR1) with a less good preservation and one referred specimen; (B) rose diagram for
both Jurabrontes (TR) trackways; (C) rose diagram for 28 small and one medium-sized theropod (T) trackways; (D) rose diagram for one medium-sized and seven large
sauropod (S) trackways; (E) rose diagram for the entire BSY1050 ichnoassemblage (all sauropods and theropods); (F) level SCR1500, the red line indicates the holotype
trackway SCR1500-T1; (G) rose diagram for all tridactyl trackways of the SCR1500 ichnoassemblage. The red bar indicates holotype trackway SCR1500-T1. Seven small
theropods left the other trackways.
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or medium-sized sauropods, that make up the vast majority of
all sauropod trackways discovered on Highway A16 tracksites.
In ichnoassemblage SCR1500 no sauropod tracks or trackways
were discovered at all, but the trackway of large sauropod was
found on PMM1505 (Marty et al. 2010) and on SCR1650 iso-
lated, rounded tracks likely left by medium-sized sauropods are
associated with giant theropod tracks.

Systematic ichnology

Ichnofamily Eubrontidae Lull 1904
Ichnogenus Jurabrontes ichnogen. nov. (Figures 5, 6)

Type species. Jurabrontes curtedulensis gen. et sp. nov., by
monotypy and designation herein.

Diagnosis. Giant tridactyl tracks; longer than wide; digits
II-TI1-IV with a clear phalangeal pad 2-3-4 configuration; pecu-
liar and isolated position of the proximal pad PIII1 of dIII; broad
sub-triangular, pointed claw marks present on the tips of all three
digits II-III-IV; narrow and slightly asymmetric interdigital
divarication angles (II7III < ITIATV); small anterior triangle and
weak mesaxony; asymmetrical heel region; broad and massive
digits with a blunt aspect; lack of a hallux impression.

The three trackways SCR1500-T1 and BSY1050-TR1 & TR2
have a regular configuration with similar left and right pace
lengths. Pace angulation ranges between 151° and 172°, and is
correlated with a variation in estimated locomotion speed from
5.4 to 8.1 km/h and in the [WAP/PL]-ratio from 0.19 to 0.58. The
[WAP/PL]-ratio characterises all trackways as (very) narrow. In
all three trackways, both left and right pes tracks are outwardly
and inwardly rotated, whereas outwardly-rotated tracks are over-
all about twice as frequent as inwardly-rotated track. Mean track
rotations are on the order of several degrees only.

Derivation of name. In analogy (because of the massive
and blunt digit impression and weak mesaxony) to Eubrontes
(Hitchcock 1845) from the Late Triassic and Early Jurassic of
the Connecticut River Valley (Massachusetts, USA). ‘Brontes’ is
one of the Cyclopes in Greek mythology and also means thun-
der, reflecting the giant size and appearance of the tracks. Jura
stands for the provenance (Jura Mountains, Jura Canton) and the
Late Jurassic age of the tracks. Jura is derived from the Celtic/
Gaulish word ‘Jor’ meaning forest or ‘land of the forest. The
fossil-rich limestone of the Jura Mountains, which were called by
von Humboldt (1799) ‘Jura Kalkstein, are the basis of the name
of the Jurassic Period (Brongniart 1829; Buch 1839).

Typelocality. Courtedoux — Sur Combe Ronde (CTD-SCR)
and Courtedoux - Bois de Sylleux (CTD-BSY) tracksites, Ajoie
district, Jura Canton, NW Switzerland.

Type horizon. Intermediate (levels 1000-1100) and upper
(levels 1500-1650) dinosaur track-bearing levels (Marty et al.
2007; Marty 2008) of the Nerinean limestones sensu Jank et al.
(2006a, 2006b) of the Courtedoux Member (Comment et al.
2011) of the Reuchenette Formation (Thalmann 1966).

Age. Mutabilis boreal, respectively acanthicum tethyan,
ammonite zone, early Late Kimmeridgian, Late Jurassic (Figure 2)
(Marty et al. 2003; Jank et al. 2006a, 2006b; Comment et al. 2011,
2015).

Jurabrontes curtedulensis ichnosp. nov. (Figures 5, 6)

Diagnosis. As for ichnogenus.

Derivation of name. Named after ‘Curtedul, the name as
used in the twelfth century for the village Courtedoux (Canton
Jura). Here, Jurabrontes and most of the Highway A16 dinosaur
tracksites were discovered.

Holotype. SCR1500-T1-L8 (Figure 5, Supplementary data 2).
The original specimen (track) was recovered on a limestone slab
from the field and is now stored under the collection number
MJSN-SCRO11-553. A cast of the holotype was not made.

Paratypes. SCR1500-T1-L7 (original specimen, Collection No.:
M]JSN-SCR011-551, Cast No.: MJSN-SCR008-r134); SCR1500-
T1-R7 (original specimen, Collection No.: MJSN-SCR011-552,
no cast), BSY1050-TR2-R3 (original specimen, Collection No.:
MJSN-BSY008-189, Cast No.: BSY008-r88). The tracks SCR1500-
T1-L7 & R7 are both from the same trackway as the holotype track
SCR1500-T1-L8 (Figures 5, 6, Supplementary data 2, 4).

Referred specimens. All referred specimens (tracks) are from
the three trackways SCR1500-T1 (=trackway with holotype),
BSY1050-TR1, and BSY1050-TR2. They are either preserved
as original specimens and/or casts (fibreglass copy). SCR1500-
T1-R3 (original specimen, Collection No.: MJSN-SCRO011-556,
Cast No.: MJSN-SCR008-r135); SCR1500-T1-L4 (original spec-
imen, Collection No.: MJSN-SCR011-555, Cast No.: MJSN-
SCR008-r135); SCR1500-T1-R4 (original specimen, Collection
No.. MJSN-SCRO11-554, Cast No.. MJSN-SCR008-r135);
SCR1500-T1-L5 (original specimen not recovered, Cast No.:
MJSN-SCR008-r135); BSY1050-TR1-L8 (original speci-
men, Collection No.: MJSN-BSY008-188, Cast No.: MJSN-
BSY008-r95); BSY1050-TR2-L3 (original specimen, Collection
No.: MJSN-BSY008-190, Cast No.. MJSN-BSY008-r88);
BSY1050-TR2-L4 (original specimen not recovered, Cast No.:
M]JSN-BSY008-r88); BSY1050-TR2-L6 (original specimen but
poorly preserved, Collection No.: MJSN-BSY008-165, no cast);
BSY1050-TR2-R6 (original specimen but poorly preserved,
Collection No.: MJSN-BSY008-155, no cast).

Age. Late Jurassic (Kimmeridgian).

Description of holotype track (SCR1500-T1-L8). Giant,
functionally tridactyl track slightly longer than wide; with a
small anterior triangle and weak mesaxony, i.e. the anterior apex
of the anterior triangle has an obtuse angle. Digits are broad
and massive and have a blunt aspect. Phalangeal pads exhibit a
2-3-4 configuration for digits II, IIT and IV, respectively. A pad
is present roughly in the middle of the track, likely belonging to
digit ITI (i.e. PIII1), but quite detached from the rest of the digit
III impression. Presence of large, sub-triangular, pointed claw
marks. Interdigital angles are slightly asymmetrical, with IIAIIT
slightly narrower than IITAIV.

Description of holotype trackway (T1) configuration.
Regular pace (mean left 151.8 cm and right 151.4 cm), stride
(mean 303.5 cm), and high pace angulation (mean 172°).
Locomotion speed of 8.1 km/h. Very narrow gauge as expressed
by a [WAP/PL]-ratio of 0.19. Mean track rotation is slightly
inward (negative) for both left (-2°) and right (-4°) tracks,
even though most tracks are oriented straight forward (0°
rotation) and one track (L2) is slightly outward rotated (+2°)
(Supplementary data 1).

Holotype measurements. PL is 50.5 cm, PW 41 cm, [PL/
PW]-ratio 1.23, [te/PW]-ratio 0.34, IIAIII divarication angle
24°, IIAIV divarication angle 27°, dII length 26 cm, dIII length
39.5 cm, dIV length 39 cm.



Description of track preservation. Trackway SCR1500-T1
(with the holotype) is preserved as negative (concave) epichnia,
and is characterised by very shallow tracks (short track walls
compared to their size), the lack of displacement rims, and by a
great amount of substantial anatomical details. Today, this type
of track preservation typically occurs on subtropical supratidal
flats when during wet periods (well-laminated and) consolidated
substrate is covered with a thin (one to several cm), soft and
deformable layer of mud and/or microbial mat allowing the for-
mation of well-preserved, shallow tracks with anatomical details
(Marty et al. 2009; see also Dai et al. 2015).

Trackway BSY1050-TR2 (with one paratype) is characterised
by much deeper tracks often surrounded by displacement rims
and with a slightly different morphology notably with a more
pronounced heel area in the best-preserved tracks. These tracks
were left in a softer (water unsaturated) and also thicker layer
of lime mud that was possibly covered with a (thick) microbial
mat (Marty et al. 2009). The best-preserved tracks BSY1050-
TR2-L3 and BSY1050-TR2-R3 (paratype) don’t show clear claw
marks (i.e. separated from the distal phalangeal pad), although
they both exhibit tapering and very pointed digit terminations;
they also present a more elongated heel region with a possible
impression of digit I (hallux) in BSY1050-TR2-R3.

Comparison with other similar ichnotaxa (Figure 8)

Regarding Eubrontes giganteus Hitchcock 1845 (Figure 8(G)):
Together with Grallator, Eubrontes from the Early Jurassic of
New England is among the best known and first named thero-
pod tracks (Hitchcock 1845; Hitchcock 1858; Olsen et al. 1998),
and became widely accepted in subsequent revisions by Lull
(1904, 1915, 1953), who named the ichnofamily Eubrontidae.
Eubrontes has a wide distribution (Lucas et al. 2006) and dif-
fers from Jurabrontes because of its more elongated digits with
well-discernible phalangeal pads, a greater mesaxony, narrower
heel area, and smaller but more pronounced claw marks.
Regarding Megalosauripus uzbekistanicus Gabuniya &
Kurbatov 1982 (see also Lockley et al. 2000b) (Figure 8(E)):
Probably the most common large theropod ichnotaxon of the
Late Jurassic. Its description has recently been reamended with
some slight modification (Fanti et al. 2013): ‘Large (L > 40 cm to
a maximum of 80 cm), elongate (average [PL/PW]-ratio of 1.2),
asymmetric tridactyl tracks; clear pad impressions that match the
typical theropod phalangeal formula (2:3:4 corresponding to dig-
its IT, IIT and IV sensu Thulborn 1990); sigmoidal impression of
dIII; ungual impression of digit I oriented posteriorly and later-
ally; large impression of the metatarsal phalangeal pad of dII and
dIII and average divarication angle between digit II-III of 40°,
and between digits ITI-IV of 30°. Trackways show irregular track
morphology, with variable steps, length and pace angulation;
prominent inward rotation with respect to the trackway midline
of the distal end of dIIT. Jurabrontes differs from the amended
M. uzbekistanicus because of its straight dIII, the broader and
more robust digit impressions, a less marked or absent inward
rotation of the distal end of dIII and, considering the trackway
parameter, a regular configuration with consistent pace and
stride lengths. Additionally, a possible dI impression in one of
the Jurabrontes tracks (BSY1050-TR2-R3) is clearly medially
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oriented, whereas in M. uzbekistanicus it is oriented posteriorly
and laterally (Meyer & Lockley 1997; pers. obs. CM).

Regarding Megalosauripus transjuranicus Razzolini et al.
forthcoming: This ichnotaxon was erected for large theropod
tracks from Highway A16 and is easily distinguished from
Jurabrontes because of slender and well-separated digits with
well-marked phalangeal pad impressions (2-3-4 formula), well
marked claw impressions, and a moderate mesaxony (tracks are
clearly longer than wide). Most notably, M. transjuranicus exhib-
its a very characteristic PIV1 phalangeal pad impression that is
the widest and largest phalangeal pad with a circular (rounded)
shape, connected to the rest of the dIV impression and forming
the round heel of the track.

Regarding Megalosauripus teutonicus Kaever & de Lapparent
1974 (Figure 8(C)): These giant theropod tracks from the
Barkhausen tracksite (Kimmeridgian, Late Jurassic, N Germany)
have a PL of up to 63 cm (Diedrich 2011) but are rather poor-
ly-preserved and do not exhibit phalangeal pad or claw impres-
sions (Lockley et al. 2000b; pers. obs., Figure 8(C)).

Regarding Euthynichnium lusitanicum von Nopcsa 1923
(Figure 8(F)): These large theropod tracks from the Late Jurassic
of Portugal present a diagnostic large hallux, and a large and
broad heel region. Euthynichnium also differs for the higher
extension of dIII and the higher mesaxony, the broader shape
of the heel region and the systematic occurrence of dI, which
is not consistently present in Jurabrontes. Also, Euthynichnium
tracks are more gracile.

Regarding Boutakioutichnium atlasicus Nouri et al. 2011 from
the Late Jurassic of Morrocco: Differs from Jurabrontes because
of the presence of a marked proximolaterally-oriented hallux
impression a pronounced mesaxony, and digits with acuminated
ends.

Regarding Iberosauripus grandis Cobos et al. 2014 (Figure
8(D)): Differs from Jurabrontes because of the lack of clear
phalangeal pads in all three digits. It also shows, in its holotype
track, a sigmoidal digit ITT, and a wider IIIA IV divarication angle.
Mesaxony is weak but higher than in Jurabrontes.

Regarding Megalosauropus Colbert & Merrilees 1967:
M. broomensis from the Early Cretaceous of Australia is defined
by quite an atypical phalangeal pad formula of 3-4-5 for digits
II-1I1-IV (Romilio & Salisbury 2010; Salisbury et al. 2016), which
is not present in Jurabrontes.

Regarding Bueckeburgichnus maximus Kuhn 1958 (and sensu
Lockley 2000; Megalosauripus sensu Thulborn 2001) (Figure
8(B)): This ichnotaxon is different because of the absence of
phalangeal pads, the higher extension of dIII (more pronounced
mesaxony), a different configuration of the interdigital angles,
and because of the presence of a large and long, posteriorly-
oriented hallux.

Regarding Hispanosauropus hauboldi Mensink and Mertmann
1984 (revised in Lockley et al. 2007 and Avanzini et al. 2011):
Jurabrontes lacks the sigmoidal digit ITT impression and exhibits
much better-defined phalangeal pad marks.

Regarding Irenesauripus Sternberg 1932: it has very narrow
and slender digits without phalangeal pads, both features that
are clearly different from Jurabrontes.

Regarding Irenichnites Sternberg 1932: It differs from
Jurabrontes because of its slender digits, a heel pad that is not
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Figure 8. Comparison with similarichnotaxa. Some right tracks are mirrored so that all figured tracks correspond to left tracks. Drawn to scale. (A) Jurabrontes curtedulensis
holotype; (B) Bueckerburgichnus maximus Kuhn 1958, as redrawn by Razzolini et al. (2016, Fig. 8); (C) Megalosauripus teutonicus Kaever and de Lapparent 1974,
drawing by DM; (D) Iberosauripus grandis Cobos et al. 2014, redrawn from the original publication (mirrored); (E) Megalosauripus uzbekistanicus Gabuniya & Kurbatov
1982 from Meyer & Lockley (1997), as redrawn by Marty (2008, Fig. 5.46); (F) Eutynichnium lusitanicum Nopcsa 1923, as redrawn by Razzolini et al. (2016, Fig. 8);
(G) Eubrontes? glenrosensis Shuler 1935 redrawn from Pittman (1989); (H) Tyrannosauripus pillmorei Lockley & Hunt 1994a, as redrawn by Razzolini et al. (2016, Fig. 8)
(mirrored); (1) Bellatoripes fredlundi McCrea et al. 2014, as redrawn by Razzolini et al. (2016, Fig. 8) (mirrored); (J) Caririchnium. Figured here is Caririchnium lotus Xing

et al. 2007, redrawn from Xing et al. (2015, Fig. 6) (mirrored).

completely developed, and a dII impression that is separated
from the other digits.

Regarding Tyrannosauripus pilmorei Lockley & Hunt 1994a
(Figure 8(H)): Differs from Jurabrontes because of a well-
developed hallux impression, an asymmetric overall morphology,
and a very narrow dIV.

Regarding Bellatoripes fredlundi McCrea et al. 2014 (Figure
8(I)): This large tridactyl track from the Late Cretaceous of
Canada differs from Jurabrontes because of the complete lack
of phalangeal pads and distinct claw marks, and for the similar
size of dII and dIV. In addition, a dI impression may be present
in Bellatoripes, and is markedly oriented anteriorly.

Regarding valid ornithopod ichnotaxa (following Diaz-
Martinez et al. 2015; but see also Lockley et al. 2014): Differences
with Caririchnium (Figure 8(])) are evident as Jurabrontes is not
quadri-lobate, has a completely different configuration of the dig-
its, a very different shape of the heel region, and never has manus
impressions. The different heel region together with the width/
length-ratio, the absence of manus impressions and the shape
of the digits, differentiate Jurabrontes from Hadrosauropodus.
Iguanodontipus is wider than long, has symmetrical interdigital
angles and shows no clear phalangeal pad impressions; when pre-
served large ungual marks are blunt and rounded. Amblydactylus
Sternberg 1932 differs from Jurabrontes because of broad and
short digits with pointed hoofs or blunt claws and without evi-
dence for phalangeal pads.

Discussion
Other occurrences of giant theropod tracks

Largetogianttheropodtracksandichnotaxaarerelativelyabundant
in the Late Jurassic, although there is only a weak agreement on
the validity of the different taxa, as many of the classical ichnotaxa
are based on poorly-preserved material and partially also rather
deep tracks (often preserved as casts, e.g. Bueckeburgichnus
maximus), which not always reflect the anatomy of the pes in
the same way as shallower impressions.

Besides named tracks, there are also a few published occur-
rences of giant theropod tracks (i.e. PL > 50 cm) that are either
unnamed or that were assigned to existing ichnotaxa. To our
knowledge, these include tracks from England, France, Germany,
Morocco, Portugal, Spain, and the USA. Some of these tracks
were digitized by the authors and can be downloaded from
here: http://dx.doi.org/10.6084/m9.figshare.4029306 (approx.
680 MB).

Poland: Late Triassic-Early Jurassic

Despite being temporally far from the studied tracks, some pretty
large theropod tracks occur since the Late Triassic. Niedzwiedzki
(2011) describes very large (PL up to 45 cm) Kayentapus tracks
from the Late Norian/Rhaetian of the Tatra Mountains in Poland.
Other giant tracks of this taxon come from the Early Jurassic,
with a pes length that in some cases can reach 40 cm (Gierlinski
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etal. 2004). Differences between these specimens and Jurabrontes
are easy to spot, as they have completely different shape and mor-
phologies. One Early Jurassic track, attributed to Megalosauripus
(Gierlinski et al. 2001) is longer than 50 cm, but the toe exten-
sion, the mesaxony and the smaller digital angle are sufficient to
separate it from Jurabrontes.

England: Middle Jurassic

Two very long theropod trackways (trackways 13 and 80
with a mean PL of 72 and 67.7 cm, respectively) are known
from the Middle Jurassic Ardley quarry tracksite (England)
(Lockley & Meyer 2000; Mossman et al. 2003; Day et al. 2004),
were assigned to Megalosauripus (Mossman et al. 2003), and
tentatively attributed to a Megalosaurus trackmaker by Day
etal. (2002). Mossman et al. (2003) interpreted a part of trackway
13 as a running trackway. The best-preserved tracks such as
R20 of trackway T80 (Mossman et al. 2003, Fig. 6) exhibit well-
separated, slender digits with claw marks and phalangeal pads
possibly with a 2-3-4 phalangeal pad configuration for dII-III-IV,
and a small heel area formed by the proximal pad of dIV. Such
a configuration is typical for Megalosauripus-type tracks and
clearly different from Jurabrontes.

One large (morphotype Bi, max. PL of 45 cm, Romano &
Whyte 2003) and one giant track (no total track PL published,
but over 50 cm judging from Fig. 8 in Whyte et al. 2007) were
described from the Middle Jurassic of the Cleveland Basin.
Both these tracks are rather poorly preserved and differ from
Jurabrontes because of the absence of phalangeal pads and claws.
Moreover, morphotype Bi has rounded digits and dII and dIV
are of equal shape and length.

France: Late Jurassic (Oxfordian)

Mazin et al. (2016) have reported a theropod trackway (LOU
20) with a mean PL of 77 cm from the Late Jurassic (Oxfordian)
Loulle tracksite (French Jura Mountains). They described these
tridactyl tracks as asymmetric, elongate, with well-separated
digits, claw marks, an elongated heel, and weakly-marked
phalangeal pads with a formula of 2-3-3 or 2-3-4 for dII-III-1V,
respectively. Mazin et al. (2016) assigned the trackway tentatively
to Megalosauripus isp. sensu Lockley et al. (2000a), because of
their irregular gait and inwardly-rotated tracks, which is typ-
ical for Megalosauripus trackways. Because of the rather poor
preservation of this trackway - tracks were partially modified
by the growth of microbial mats — we question its affinity to
Megalosauripus. Based on the preserved morphology an attri-
bution to Jurabrontes may be more likely.

Germany: Late Jurassic (Kimmeridgian)

Several casts (positive hypichnia) of large theropod tracks are
known from the Kimmeridgian Langenberg quarry and range in
PL from 36 to 47 cm and thus fall into the ‘large’ and not ‘giant’
size class. Nonetheless, a comparison with Jurabrontes is justified
because Lallensack et al. (2015) stated that: “The two largest and
best preserved footprints from the Langenberg are very simi-
lar in terms of footprint dimensions to roughly contempora-
neous tracks from Barkhausen, but different from many other
Late Jurassic tracks assembled under the name Megalosauripus
because of their greater width. Based on personal observations,
at least the largest track cast DFMMh/FV 644 (stored in the
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Dinosaurierpark Miinchehagen) is different from Megalosauripus
and has some general affinities with Jurabrontes.

Another interesting and quite well-preserved but isolated
track was found at the Bergkirchen site, (Wiehengebirge, N
Germany) and is exhibited in the local ‘Bergbaumuseum’ in
Kleinenbremen (collection number Bergkirchen-1). This track
is Kimmeridgian in age and has a PL of about 35-40 cm (estima-
tion based on Fig. 12 of Diedrich 2011). Diedrich (2011) identi-
fied this track as? Iguanodontipus isp. left by Camptosaurus, but
these identifications were rejected by Lallensack et al. (2015) who
explicitly pointed to numerous problems in Diedrich’s (2011)
descriptions and figures. However, we believe that this track is
rather of theropod than ornithopod affinity and shares some
similarities with Jurabrontes, notably three blunt digits with some
evidence for phalangeal pads (pers. obs.).

Morocco: Late Jurassic
Giant tridactyl tracks have also been reported from the Late
Jurassic of the Moroccan High-Atlas. Several isolated tracks
and one trackway were described (Belvedere 2008; Boutakiout
et al. 2009; Belvedere et al. 2010), and generically attributed to
very large theropods with ‘megalosaurian’ affinity. These tracks
(morphotype 2E in Belvedere et al. 2010) present large blunt
digits, with clear phalangeal pad impressions, a 2-3-4 phalangeal
pad formula, subtriangular claw marks, and a weak mesaxony, all
characteristics that make them very similar to Jurabrontes. Some
differences can be observed in the heel region, which is more
pointed in the Moroccan specimens, and in the lack of separated
phalangeal pads of digit III, and in a few tracks a more sinuous
digit ITI. The only continuous trackway described is very shallow
and has a very poor preservation (with no internal morpholo-
gies preserved, and it may even represent overtracks), but shows
some regular paces and slight pes inward rotation that is typical
of Jurabrontes. Belvedere et al. (2010), however, suggested that
theoretically a new ichnotaxon should be erected on these spec-
imens if better tracks were found. Here we propose on the basis
of their similar morphology that the giant Late Jurassic tracks
from the Touaridéne syncline can be addressed as cf. Jurabontes.
Other large theropods tracks include tracks described from
Ait Mimoun (Ishigaki 1985; Belvedere 2008; Boutakiout et al.
2009; Belvedere et al. 2010). All these tracks are decidedly dif-
ferent than Jurabrontes and also smaller than 50 cm.

Portugal: Middle and Late Jurassic

Razzolini et al. (2016) described theropod trackways from the
Middle Jurassic Vale de Meios tracksite as Megalosauripus isp.,
and the largest of these trackways has tracks with a PL of up to
80 cm. These tracks are tridactyl, sometimes tetradactyl with hal-
lux impression, elongated and asymmetric. The mesaxonic index
ranges from 0.26 to 0.48. The tracks display pointed claw marks, a
slightly sigmoidal impression of digit IIl and a squared U-shaped
metatarso-phalangeal impression. The phalangeal pad formula
of 2-3-4 respectively for digits II-ITII-IV impressions (Fig. 6 in
Razzolini et al. 2016) is weakly appreciable. They do not display
the proximal separated pad of dIII as observed in Jurabrontes.
Interdigital angles are variable along trackway course, with gen-
eral low values for both IIAIII and IIIAIV (minimum 22° max-
imum 40°) reflecting a minor parallelism of digits on the distal
anterior half of the track. Pace length and angulation are very
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irregular, with an inward rotation of the distal end of digit IIT
impression with respect to the trackway midline.

Mateus and Milan (2009, Fig. 9) have tentatively referred a
giant theropod track with a PL of 79 cm from the Upper Jurassic
Lourinha Formation to Torvosaurus, which was, according to
these authors, with a body length of 8-12 m, the largest thero-
pod in the world during the Late Jurassic. They did not provide
any ichnotaxonomical identification for this track, but this track
differs from Jurabrontes because of the presence of a rounded
heel area and notably because of a lateral swelling in the middle
of dIII (Mateus & Milan 2009; pers. obs. DM, MB, NLR 2016).

Also from the Late Jurassic of Portugal, Mateus & Milan
(2008) reported a giant tridactyl track with a PL of 70 and PW
of 69 cm that they attributed to an ornithopod trackmaker. This
sub-symmetrical track has short and broad toes without phalan-
geal pad impressions, indications of short and blunt claws, and
a high II-IV divarication angle (Mateus & Milan 2008; pers.
obs. DM, MB, NLR 2016). These features cannot be observed in
Jurabrontes and are typical for ornithopod rather than theropod
tracks.

Several giant tracks from the Late Jurassic (Oxfordian) of
Cabo Mondego (Figueira da Foz) described by de Lapparent
and Zbyszewski (1957) were assigned by Lockley et al. (1996,
2000a) to Eutynichnium lusitanicum and are stored in the ‘Museu
Nacional de Historia Natural e da Ciéncia’ (Lisbon). Further
tracks (impressions) recovered from Cabo Mondego in 1884 by
J.P. Gomes, were identified and labelled as ‘Megalosaurus tracks’
(de Lapparent and Zbyszewski 1957), and are on display in the
‘Museu Geoldgico’ in Lisbon. These tracks with slender and elon-
gated digits often display a hallux impression and are similar
to Euthynichnium or Megalosauripus when lacking the hallux
impression (pers. obs. DM, MB, NLR 2016), and for this reason
they are also different from Jurabrontes. In 1951, Lapparent et
al. discovered about 50 dinosaur tracks on a desiccation cracked
limestone surface on the beach of Cabo Mondego (Pedra da
Nau), 50 m below the lumachelle marble with Ostrea pulligera (de
Lapparent et al. 1951). This surface and some of the tracks still
exist today, but they are severly weathered and it is not possible
to make any ichnotaxonomical assignment for these tracks (pers.
obs. DM, MB, NLR 2016). But at least in their present preserva-
tion state they look very different from Jurabrontes.

Spain: Late Jurassic and Early Cretaceous

Five giant theropod track casts with pes lengths of more than
60 cm are known from the Late Jurassic Lastres Formation of
Acantilados de Arguero (Villaviciosa, Asturias) and are described
and figured in Pifuela (2015, pp. 93-95, Fig. 7.2F and Fig.
9.1.12A-D); one of these tracks (Fig. 9.1.12C in Pifiuela 2015)
was also figured by Garcia-Ramos et al. (2011, Fig. on p. 122).
Three tracks remain in situ and do not have a collection number
(Figures. 9.1.12A-C in Pifiuela 2015). Pifuela (2015) attributed
these five tracks to two different morphotypes: the first very
elongated and with slender digits similar to Grallator (but much
larger), the second comparatively wide with more massive and
blunt digits similar to Megalosauripus-Kayentapus or Eubrontes.
The tracks of the former morphotypes are very different from
Jurabrontes, while one of the latter tracks shares some similarities
with Jurabrontes. This is the asymmetrical track in Fig. 9.1.12C
of Pifiuela (2015), which has two relatively well-preserved digits

(II & ITI), some phalangeal pads discernible on dII, dIIT and dIV,
and prominent claw marks on dII and dIII. Despite the fact that
this track is preserved as a cast (track fill), it is quite similar to
Jurabrontes in its overall appearance, apart from the very large
and strongly curved claw marks and the fact that the phalangeal
pad formula cannot precisely be determined.

Apart from these five tracks with a PL of more than 60 cm,
larger theropod track casts (positive hypichnia) with a size of
up to 60 cm are known from the Late Jurassic of Asturias and
are stored in the Museo del Jurésico de Asturias (MUJA). Some
of these tracks are described in Pifiuela (2015) and in Avanzini
et al. (2011) who stated that some of these tracks are of the
Hispanosauropus morphotype (Mensink & Mertmann 1984),
as defined by Lockley et al. (2007) characterised by the pres-
ence of at least some phalangeal pad impressions, but that are
not usually well defined, and who assigned this morphotype to
large and robust theropods. However, based on Avanzini et al.
(2011, Figures. 1 and 7C), these asymmetric tracks also resemble
Megalosauripus because of slender and well-separated digits and
possibly a 2-3-4 phalangeal pad configuration. They clearly differ
from Jurabrontes, characterised by more massive and blunt digits,
a weaker mesaxony, and a proximal pad of dIII that is separated
from the rest of the dIII impression.

Barco et al. (2005) described an isolated track from the Early
Cretaceous (Berriasian) of Las Villasecas (Soria) with a pes
length of 69 cm, and a trackway from the tracksite ‘Camino a
Treguajantes’ (La Rioja) made up of three tracks with PL ranging
from 64-70 cm (see also Casanovas Cladellas et al. 1995). They
described them as having thick toes, big claws impressions, and
a characteristic medial displacement of dII. Barco et al. (2005)
stated that these tracks are different from other known ichnotaxa
and could belong to an undescribed ichnotaxon. Cobos et al.
(2014) suggested that the isolated track from Villasecas (collec-
tion number MNS96/28) initially described in Barco et al. (2005)
could be included within Iberosauripus. This was confirmed by
geometric morphometric analyses by Castanera et al. (2015) who
also found, when reviewing the track collection of the Museo
Numantino de Soria (MNS), that some undescribed specimens
could also belong to Iberosauripus, but for preservation reasons
they only included MNS2003/92/14 in their landmark analysis
and also assigned it to Iberosauripus. Accordingly, we assume
that the well-preserved track MNS96/28 is the best-preserved
track of the ichnotaxon Iberosauripus, as the type material is
not very well preserved. The track MNS96/28 is different from
Jurabrontes because of its slenderer and ‘less fleshy’ digits, very
prominent claw marks, a large heel area where all digits are
merged, and because of the lack of a proximal pad in dIII that
is separated from the rest of dIII. This holds also true for the
track MNS2003/92/14, where additionally dIV is longer than
dIL, almost as long as dIII.

Australia: ‘Middle’ Cretaceous

Thulborn & Wade (1984) described a tridactyl trackway with a
mean pes length of 51.4 cm from the Middle Cretaceous Lark
Quarry tracksite that they have identified as cf. Tyrannosauropus
(sensu Haubold 1971). They characterised these tracks as nearly
symmetrical, with absence of hallux, three relatively short dig-
its emerging from a large basin-like depression representing a
‘sole’ or ‘pad’ to the foot, digits without evidence for phalangeal



pads but with tapering sharply to V-shaped tips and evidence for
long, robust and sharply-pointed claws, and with dII and dIV
distinctly shorter than dIII. Recently, Romilio et al. (2013) have
re-analysed this trackway and assigned it to Amblydactylus cf.
A. gethingi, which in turn was questioned by Thulborn (2013)
and addressed again by Romilio & Salisbury (2014). It's outside
the scope of this paper to comment on the on-going controversy
about the identification (theropod vs. ornithopod) of the giant
tridactyl trackway from Lark quarry. However, the Lark quarry
trackway is decidedly different from Jurabrontes because of the
absence of phalangeal pad impressions and rounded digits that
are fused in the heel area.

USA: ‘Middle’ to Late Cretaceous
Lockley et al. (2006) described several giant theropod tracks from
the ‘Middle’ Cretaceous (Albian — Early Cenomanian) Dakota
Group of NE New Mexiko. Trackway 1 consists of deep tracks up
to 1 m in length including long posterior heel drag traces (50—
65 cm without heel trace) and up to 50 cm in width. Lockley et al.
(2006) stated ‘we infer that this track, though Magnoavipes-like
if the posterior (heel) trace is discounted as extramorphological,
probably represents a different ichnotaxon’ These tracks are very
different from Jurabrontes notably because the track preservation
is so different. Trackway 1 of the Dakota Group has up to 25 cm
deep tracks with very slender digit impressions due to substrate
collapse after foot withdrawal. Thus, these tracks do not reveal
any substantial anatomical details that could be easily compared
with Jurabrontes apart from much larger divarication angles.
Another giant theropod track with ‘conservative features’ was
reported by Manning et al. (2008) from the Late Cretaceous Hell
Creek Formation of Montana. This shallow track is rather poorly
preserved, but as it is wider (76 cm) than long (72 cm), very
asymmetric, and does not exhibit phalangeal pad impressions,
it is easily distinguished from Jurabrontes.

Influence of track preservation on morphology

Both deep tracks (mostly preserved as casts) and shallow tracks
(mostly preserved as impressions) preserved as true tracks may
exhibit substantial details of the trackmaker’s foot and can be
considered as ‘elite tracks.

Lockley & Hunt (1994b) noted that tracks attributed to
the same morphotype (Caririchnium: Ornithopoda) at the
Cretaceous Dinosaur Ridge (Colorado) tracksite, could be shal-
low with flat track floors when preserved in concave epirelief
on little-compactible sandy substrates, whereas they appear as
much deeper tracks, with high-relief cross sections when pre-
served as casts (convex hyporeliefs) in yielding, compactible soft
substrates. This striking difference in morphology not only con-
firms that substrate influences track morphology (i.e. substrate
responds to foot impression), but it also points to the fact that the
foot itself is a fleshy appendage (more or less fleshy in different
species) that moulds to the substrate, flattening more against
firm substrates and less against soft ones (i.e. foot morphology
responds to substrate).

In the present study, very shallow (the trackway SCR1500-T1
with the holotype) and slightly deeper tracks (the trackway
BSY1050-TR2 with one paratype), both preserved as impressions
(negative/concave epichnia), are included within the type
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material. Anatomical details are better preserved in the shallower
tracks of trackway SCR1500-T1 than in the deeper tracks of
BSY1050-TR2, even though some of the deeper tracks exhibit
a heel impression and a possible impression of a small hallux
(dI), two features that are not visible in the shallower tracks.
On the other hand, the shallower Jurabrontes tracks have much
better defined phalangal pad impressions than the deeper tracks.
This general trend where phalangeal pad impressions are better
preserved in shallow tracks left in firmer sediment than in deeper
tracks was already described by Thulborn (1990, Fig. 4.4). Lockley
(2000a) has argued that with increase in size and fleshiness in
the foot of large theropods, evidence of discrete, well-defined
digital pads is often obscure or absent. However, the present
evidence suggests that this is not the case for the trackmaker of
Jurabrontes due to the presence of well-defined phalangeal pads
in the shallow tracks. On the other hand, it cannot be excluded
for other ichnotaxa based on deep tracks without clear evidence
for phalangeal pad impressions that their trackmaker would not
have left shallow tracks with phalangeal pad impressions in much
shallower substrate.

The observed preservation variability in Jurabrontes under-
lines that some important features are better preserved in shallow
true tracks and others in deeper true tracks. Thus, more than
one preservation type (‘true track morphology’) is required for
understanding the preservation continuum of an ichnotaxon
and the morphology of the trackmaker foot. Consequently, it
can be argued that there is no such thing as ‘a single/ideal true
track morphology’, and if this is not taken into account, several
ichnotaxa might be erected based on well-preserved shallow to
deep true tracks of a single trackmaker, leading to taxonomical
oversplitting.

Trackmaker identification

Although the distinction between theropod and ornithopod
tracks is not always easy (Castanera et al. 2013; Hornung et al.
2016; Hiibner 2016) and is still the subject of on-going contro-
versy (e.g. Romilio & Salisbury 2010, 2014; Thulborn 2013), the
trackmaker of Jurabrontes clearly is a theropod dinosaur, because
the asymmetrical tracks are longer than wide, and show digits
with phalangeal pad impressions and claw marks. Large orni-
thopod tracks, on the other hand, are wider than long, have
short, broad and blunt digits with rounded terminations and
without evidence for claw marks, a rounded and much more
symmetrical heel, a rather high II-IIT divarication angle, dIII not
much projecting anteriorly beyond dII and dIV, and low values
for the relative stride (e.g. Thulborn & Wade 1984; Thulborn
1990; Lockley 1991; Moratalla et al. 1992; Farlow & Chapman
1997; Sarjeant et al. 1998). Also the phalangeal pads, preserved
in the best tracks, exhibit a 2-3-4 configuration for digits II, IIT
and IV, respectively, which is a typical theropod configuration
(Thulborn 1990).

Generally, it is difficult to identify the trackmaker species for
any given dinosaur track unless the animal is preserved very
close or at the end of its fossil trackway (e.g. Goldring & Seilacher
1971; Niedzwiedzki et al. 2012), or unless tracks and trackmaker
are found in close stratigraphic association to each other (Hunt
2002; Voigt et al. 2007), or if the track includes a metatarsal
impression (e.g. Romano & Citton 2016). If this is not the case,
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the trackmaker may generally at best be identified at the family
level (Rainforth 2005).

It is difficult to relate body fossils to tracks because the soft
tissues (‘pads’) around the bones are generally not preserved
(Farlow & Chapman 1997). Farlow & Lockley (1993) tried to
identify trackmakers of theropod tracks based on phalangeal
length ratios estimated from tracks and skeletal material, but
they found that the discriminating power is weak, because of
the lack of detailed phalangeal measurements in many descrip-
tion of skeletal material and also because of the absence of clear
digital pads in many tracks. Farlow (2001) highlighted the great
similarity in overall skeletal foot shape among very large thero-
pods, regardless of their relationships. Furthermore, Farlow et
al. (2013) stated that it is not possible to differentiate the tracks
of the major groups of large theropods, because their pedal mor-
phology was very similar, possibly because gigantism constrained
variability in foot shape. This caution is commendable, but in the-
ory it does not address the possibility that the fleshy morphology
of feet may be different, even though the skeletal morphology is
similar, as suggested by Lockley (2000a) who noted the tendency
of theropod digit II to lose creases separating the pads in the
tracks of larger ichnotaxa.

Farlow et al. (2013) also claimed that it is not safe to assume
that similar tridactyl tracks from different regions or times were
made by closely related dinosaurs. Nonetheless, we provide a
short review of skeletal material of giant theropods from the
Jura Mountains and Europe that could be potential trackmakers,
but a correlation of the Jurabrontes tracks with theropod pedal
skeletons (similar toFarlow & Lockley 1993) is not attempted.

Giant theropod tracks are common in the Late Jurassic of
Europe and there are also a few occurrences known from North
Africa, Asia, and North & South America. At present, tracks
of giant carnivore dinosaurs are in the Late Jurassic at least as
frequent if not more frequent than skeletal remains of similar
large theropods. Accordingly, the bone remains of Jurabrontes
trackmaker may not have been discovered yet.

An identification of a probable giant theropod trackmaker
is not helped by the rarity of their skeletal remains in the Late
Jurassic deposits of the Jura carbonate platform or surround-
ing areas. In the Swiss Jura Mountains, the fossil record of
theropods is scarce, comprising an isolated allosaur tooth from
the Silberhohle cave near Roschenz (Late Oxfordian, Canton
Baselland; Meyer & Thiiring 2003); two isolated theropod teeth
from the Solothurn Turtle Limestone (Late Kimmeridgian,
Canton Solothurn; von Huene 1920, 1926), one of which is
similar to dromaeosaurid teeth (Meyer & Thiiring 2003); and,
finally, a large (total length of about 7 cm) theropod tooth from
the Moutier sauropod bone assemblage (Early Kimmeridgian,
Canton Bern) firstly figured in Greppin (1870), and attributed
to Ceratosaurus (Marty & Meyer 2012). All these theropods are,
however, considered too small to have left the giant Jurabrontes
tracks.

In the French Jura Mountains, a couple of theropod teeth are
known from the Damparis locality (de Lapparent 1943; Buffetaut
1988), one of which has a total length of 11 cm and was attributed
to Megalosaurus insignis by de Lapparent (1943). Furthermore,
several isolated, giant vertebrae are known from the Oxfordian
of Plaimbois-du-Miroir (Doubs Department; Pharisat 1993),
indicating the presence of a ‘very large theropod of uncertain

affinity’ (Allain & Pereda-Suberbiola 2003), but these remains
have never been formally described. However, the teeth from
Damparis and the remains from Plaimbois-du-Mirroir are
definitely large enough to represent the potential trackmaker of
Jurabrontes. The same holds true for the giant tracks from the
Oxfordian Loulle quarry in the French Jura Mountains (Mazin
etal. 2016). The presence of megatheropods on the Jura carbonate
platform during the Late Oxfordian and Kimmeridgian is thus
now testified by both the skeletal and track record.

Apart from the Jura Mountains, there are potential giant
theropod trackmakers known from the Late Jurassic, notably
from the Iberian Peninsula and Portugal. These include mem-
bers of the Ceratosauridae, Allosauridae, and Megalosauridae
(‘megalosaur’ or ‘megalosaurid’) dinosaurs (e.g. Lockley 2000a,
2000b; Lockley et al. 2000a; Holtz et al. 2004; Tykoski & Rowe
2004; Carrano et al. 2012).

Several allosaurid specimens are described from the Late
Jurassic of Portugal and assigned to basal Allosauroidea (Malafaia
et al. 2016), Lourinhanosaurus antunesi (Mateus et al. 1998),
Allosaurus fragilis (Pérez-Moreno et al. 1999), and Allosaurus
europaeus (Mateus et al. 2006). The latter two are the largest
and with an estimated hip height of around 2.4 m according to
the methods proposed by Thulborn (1990, Table 8.3) seem to
be too small for producing tracks much bigger than 50 cm in
total length. On the other hand, the largest Allosaurus specimens
such as Allosaurus fragilis from the Cleveland-Lloyd Dinosaur
Quarry with an estimated total body length of up to 12.5 m
(Madsen 1976; Bybee et al. 2006) and notably Saurophaganax
(Chure 1995) from the Late Jurassic Morrison Formation, USA
were certainly large enough to have left tracks larger than 50 cm
in length, as was probably the case for Veterupristisaurus from
the Late Jurassic of Tanzania, with an estimated body length of
8-11 m (Rauhut 2011).

Apart from Colorado (Marsh 1884), the Ceratosauridae are
known from the Late Jurassic of Portugal (Mateus & Antunes
2000, Malafaia et al. 2015). However, Ceratosaurus with an esti-
mated body length of around 5 m (Gilmore 1920) is smaller than
Allosaurus and thus seems not a likely candidate to have left the
giant Jurabrontes tracks.

Megalosauridae or ‘megalosaurs’ are poorly understood,
both in their anatomy and their phylogenetic affinities (Molnar
et al. 1990; Holtz 2000; Benson et al. 2008), and Thulborn
(2001) stated, ‘there exists no definite conception of megalo-
saurs or of their tracks. However, Torvosaurus is a member of
the Megalosauridae known from Colorado (Galton & Jensen
1979), and also known from Portugal (Mateus et al. 2006; Mateus
& Milan 2009, Hendrickx & Mateus 2014; Malafaia et al. 2017).
Mateus & Milan (2009) have tentatively referred a giant-sized
theropod track with a total length of 79 cm to Torvosaurus.
According to these authors, it had a body length of 8-12 m and
was the largest theropod in the world during the Late Jurassic.
However, as stated above, this track is clearly different from
Jurabrontes.

A new large megalosaurid, Wiehenvenator albati, has recently
been described (Rauhut et al. 2016) from the Callovian (late
Middle Jurassic) of Germany. Despite its older age, with an
estimated body length of 9 m, it may be a good candidate for
tracks of the size reported herein. The presence of megalosau-
rid theropods in the Late Jurassic of Central Europe is further



confirmed by an almost complete juvenile megalosaurid thero-
pod specimen that was described by Rauhut et al. (2012) from the
Solnhofen Plattenkalke of Painten, SE Germany. This specimen
is, as Jurabrontes, Late Kimmeridgian in age.

Cobos etal. (2014) have separated tracks of large to giant thero-
pods into ichno-group 1 (Bueckeburgichnus, Hispanosauropus,
Megalosauripus) and ichno-group 2 (Iberosauripus). Jurabrontes
can be assigned to ichno-group 2 because of its weak mesax-
ony and relatively wide heel. Cobos et al. (2014) suggested that
tracks of ichno-group 1 were probably left by members of the
Allosauridae, and those of ichno-group 2 by members of the
Megalosauridae. They have even speculated that the predation
pressure exerted by these theropods was likely one of the decisive
causes inhibiting the gigantic growth of some sauropods.

To conclude, the blunt digits and sheer size of the larg-
est Jurabrontes tracks (notably trackways BSY1050-TR2,
SCR1650-T1), some of which amongst the largest worldwide,
suggest an allosaurid theropod of the size of Saurophaganax, an
exceptionally large Allosaurus, or a large megalosaurid theropod
such as Torvosaurus as a potential trackmaker.

Palaeoecological inferences

With a total number of six trackways, giant theropod trackways
are — compared to the great number of 665 trackways (254 sau-
ropod and 411 tridactyl trackways) documented on the Highway
A16 tracksites — very scarce and constitute only 0.9% of all dino-
saur trackways, and only about 1.5% of all tridactyl (theropod)
trackways. This may indicate that their trackmakers were ‘apex’
predators (on the top of the food pyramid) and accordingly were
very scarce. For comparison, Currie & Russell (2005) have shown
that tyrannosaurid remains normally make up only about 5% of
the faunal composition. However, another interpretation is that
these animals were not in their usual habitat and only occasion-
ally ‘strolled’ over supratidal flats.

The Jurabrontes trackway SCR1500-T1 occurs isolated on
a large surface, while BSY1050 and TCH1065 each contain
two giant theropod trackways, and the two giant trackways on
TCH1065 are parallel and heading in the same direction. Even
if the latter two parallel trackways on TCH1065 cannot unam-
biguously be assigned to Jurabrontes, it is some evidence against
a ‘solitary behaviour’ scenario for the Jurabrontes trackmakers,
as has been suggested by Cobos et al. (2014) for the trackmak-
ers of Iberosauripus grandis. Indeed, McCrea et al. (2014) have
used similar evidence (three parallel, short trackways) from the
Late Cretaceous of Canada to suggest gregarious behaviour in
tyrannosaurid dinosaurs. These authors pointed out that, because
these animals are so scarce, it is very unlikely that they produce
several, unassociated, parallel trackways when different animals
walk through a given area in an unassociated way. Accordingly,
the two parallel trackways of giant theropods on TCH1065
could be interpreted as further evidence for this kind of gregar-
ious (‘non solitary’) behaviour amongst giant ‘apex’ predatory
theropods. Nonetheless, we consider that the present data is too
scarce to either claim gregarious or solitary behaviour for the
Jurabrontes trackmaker or ‘giant theropods’ in general.

Two of the three levels with the giant Jurabrontes theropod
tracks have also yielded trackways of large and medium-sized
to large sauropods, respectively, but no trackways of small
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sauropods, which are very frequent on most of the other ich-
noassemblages of Highway A16. Thus it can be speculated that
this may point to a correlation between large sauropods and
large to giant theropods in as far that the Jurabrontes trackmakers
might have followed groups or herds of large sauropods, maybe
to predate on weak and/or older animals.

Last but not least, some of the tracks assigned to Jurabrontes
are amongst the largest theropod tracks currently known from
anywhere in the world, and accordingly Jurabrontes trackmakers
may have preyed or scavenged on other very large dinosaurs. In
any case, it is worth noting that none of the levels (ichnoassem-
blages) with Jurabrontes trackways contains any trackways of tiny
to medium-sized sauropods.

On all three levels with Jurabrontes tracks, small to medi-
um-sized tridactyl tracks (most likely left by theropods) are
frequent, but there is no evidence for any correlation or inter-
action between these two different trackmakers. The small to
medium-sized tracks are clearly morphologically different
from Jurabrontes and it is thus very unlikely that some of these
tracks represent juvenile animals of the Jurabrontes trackmaker.
Rather, small theropods left these small to medium-sized tri-
dactyl trackways in their habitual environment (Marty 2008).
Megalosauripus-type trackways of large theropods (Razzolini
et al. forthcoming) are present on level TCH1500 and BSY1500
but not directly associated with Jurabrontes (Ichnoassemblage
SCR1500). But contrary to Jurabrontes, Megalosauripus track-
ways are frequently associated with tiny, small, and medi-
um-sized sauropod trackways, while they never occur with large
sauropod trackways as does Jurabrontes. This could suggest that
these two different theropod trackmakers either kind of avoided
each other and/or that they had different predation behaviours.
However, (much) more data is required to corroborate this kind
of hypotheses.

Finally, as already noted by Marty (2008) for the sauropod
and small to medium-sized theropod trackmakers, given their
abundant occurrence on different levels and sites, it is unlikely
that Jurabrontes trackmakers ‘got lost’ on the tidal flats of the Jura
carbonate platform, but they were more likely belonging to the
(ichno)fauna, as part of the normal food-chain.

The recurrent presence of dinosaurs on the Jura carbonate
platform requires a source for freshwater to support larger
populations; this is corroborated by the occurrence of abun-
dant charophytes (Oertli & Ziegler 1958; Marty & Meyer 2013)
plants (van Konijnenburg-van Cittert & Meyer 1996; Allenbach
& van Konijnenburg-van Cittert 1997; Gee et al. 2003; Philippe
et al. 2010) and hybodontid shark teeth with an isotopic sig-
nal that shows freshwater influence (Leuzinger et al. 2015).
The best record, however, are dinosaur tracks on freshwater
(charophyte-bearing) stromatolites (Marty & Meyer 2013) that
prove the coeval presence of freshwater and dinosaurs on the
Jura carbonate platform.

Palaeo(bio)geographical considerations

The widespread dinosaur track record of the Jura Mountains
and the herein reported presence of giant theropods indicate
that large parts of the Jura carbonate platform were emer-
gent during several and prolonged time periods allowing the
development of a soil (Waite et al. 2013) and vegetation cover
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(van Konijnenburg-van Cittert & Meyer 1996; Allenbach & van
Konijnenburg-van Cittert 1997; Gee et al. 2003; Philippe et al.
2010), standing bodies of freshwater (Marty & Meyer 2013), and
in situ dinosaur populations (Marty 2008).

The presence of giant theropods is further evidence that dur-
ing the Late Jurassic, the Jura carbonate platform represented a
‘faunal exchange (or migration) corridor’ for the exchange (on
geological time spans) of dinosaur faunas between further south
(Iberian Massif — Massif Central) and further north (Rhenish
Massif - London-Brabant Massif) (Meyer et al. 2006; Marty 2008;
Meyer 2011) (Figure 9). An exchange with the dinosaur fauna
known from the Late Jurassic Morrison Formation of North
America may have occurred over North Atlantic land bridges
(Brikiatis 2016) and via Portugal, as indicated by skeletal remains
of Allosaurus fragilis (Pérez-Moreno et al. 1999), and remains
of other dinosaur groups with Morrison Formation affinity in
Portugal (Mateus & Antunes 2000; Mateus 2006; Mateus et al.
2006). Another link with Africa is indicated by tracks in Morocco
addressed here as cf. Jurabrontes. Such faunal exchanges are
supported by the presence of giant (i.e. PL > 50 cm) theropod
tracks (some with a similar morphology) in the Late Jurassic
of the French Jura Mountains (Megalosauripus), N Germany
(Megalosauripus), Morocco, Portugal (Euthynichnium), Spain,
and Uzbekistan (Megalosauripus).
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Giant theropod tracks are further known from the Middle
Jurassic of England and Portugal (Megalosauripus), the
Late Jurassic to Early Cretaceous of Spain (Iberosauripus,
Hispanosauropus), the Middle Cretaceous of Australia, the Late
Cretaceous of N America (USA, Canada, Tyrannosauripus and
Bellatoripes respectively) and of S America (unpublished pur-
ported abelisaurid track). Accordingly, giant theropod tracks
may have some significance for dinosaur biogeographic struc-
ture and continental fragmentation (see also Dunhill et al. 2016).

Based on oxygen isotopes from bones of the Late Jurassic
Morrison Formation, Fricke et al. (2011) have suggested migra-
tion of Late Jurassic sauropods over longer distances, on the
American craton. Rowe et al. (2013) suggested migration for
the hadrosaurid Edmontosaurus over thousands of kilometres,
but this has been doubted by Paul (2013). In the present palae-
o(bio)geographical context we thus prefer the use of the term
‘exchange’ instead of ‘migration’ (as used for living animals; e.g.
Dingle 1996).

Palichnostratigraphical considerations

The current record of giant theropod tracks may either sug-
gest, that apex predators were much more frequent during the
Late Jurassic than before and afterwards, or that their tracks are

Bohemian
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Figure 9. Palaecogeographical map of Europe and Northern Africa during the Late Jurassic redrawn after Thierry (2000) and Thierry et al. (2000). The red track indicates
the occurrence of Jurabrontes in the Jura Mountains, light blue tracks indicate other Late Jurassic occurrences of giant tridactyl tracks (Morocco, Portugal, Spain), blue
tracks indicate Middle Jurassic localities with giant tracks (England, Portugal). Crossed-bones indicate the provenance of significative remains of large theropods from
Middle Jurassic (blue bones), Late Jurassic (light blue bones) and Early Cretaceous (green bones) (England, Germany, Portugal, Spain). 1, Exposed land; 2, Hypersaline;
3, Eolian, fluviatile, lacustrine, fluvio-lacustrine; 4, Shallow-water environments with fluctuating salinities; 5, Coastal marine, shallow marine (terrigenous); 6, Shallow
marine (carbonate); 7, Deeper carbonates, (hemi)pelagic oozes; 8, Deep marine; 9, Deep oceanic basins (mid ocean ridge); (10) Major faults.



over-represented during the Late Jurassic to Early Cretaceous
due to a preservation bias. The latter scenario may be more likely
as the Late Jurassic is (together with the Early Cretaceous) one
of the periods when dinosaur tracksites are comparatively over-
represented, especially in shallow marine carbonate depositional
environments (D’Orazi Porchetti et al. 2016).

The oldest giant theropod tracks are those from England
(Ardley quarry) and Portugal (Vale de Meios). With a few excep-
tions, all tridactyl tracks assigned to theropod trackmakers that
are older than Middle Jurassic in age are generally 40 cm or less
in PL.

Accordingly, the occurrence of giant theropod tracks indi-
cates at least a Middle Jurassic age, whereas the ichnotaxa
Tyrannosauripus and Bellatoripes, both very distinct and assigned
to tyrannosaurid trackmakers, clearly indicate a Late Cretaceous
age. Ichnotaxa such as Jurabrontes or Iberosauripus, (ichno-group
2 of Cobos et al. 2014) are typical for the Late Jurassic to Early
Cretaceous transition. This holds also true for other ichnotaxa
of ichno-group 1 of Cobos et al. (2014) such as Hispanosauropus
or Bueckeburgichnus that are so far also restricted to the Late
Jurassic to Early Cretaceous transition. Megalosauripus-type
tracks vary in size from large to giant (PL of 30 to 80 cm), are
known from the Middle Jurassic to Early Cretaceous, and accord-
ingly have a reduced ichnostratigraphical value.

Implications for ichnofacies

The question of whether ichnoassemblages (ichnofaunas or
ichnocoenoses) are of ichnostratigraphic importance cannot
be separated from the influence of habitat or facies preference
on the distribution of track assemblages: i.e. ichnofacies. The
recurrent association of sauropod and large theropod tracks in
carbonate platform sequences in the Jurassic of Europe, espe-
cially Switzerland, France and Portugal, and the Cretaceous of the
USA (Texas) was the stimulus for the naming of the Brontopodus
ichnofacies (Lockley et al. 1994a, 1994b), and the related argu-
ment that sauropod trackways are statistically more dominant
in low latitude semi-arid settings than in higher latitude, humid
paleoenvironments (Lockley et al. 1994a, 1994b). There has
since been discussion (Hunt & Lucas 2007; Lockley 2007) as
to whether the Brontopodus ichnofacies, originally defined as a
series of regionally identifiable entities, of the type represented
by the aforementioned examples, is better referred to as the
Brontopodus ichnocoenosis, occurring as regional components of
a larger archetypal globally-identifiable Brontopodus ichnofacies
containing other regionally-extensive, differently-defined and
differently-labelled ichnocoenosis (Hunt & Lucas 2007). Hunt
& Lucas (2007, p. 66) proposed the Brontopodus ichnofacies ‘for
medium diversity ichnofaunas in which the majority of tracks are
of terrestrial herbivores with a small quantity (generally > 10%)
of terrestrial carnivore tracks....

It is outside the scope of this paper to discuss the various defi-
nitions of the Brontopdus ichnofacies (sensu Lockley et al., 1994a
vs. Hunt and Lucas 2007), but one thing is clear: as originally
defined, the sauropod- and theropod-dominated ichnofaunas of
the Late Jurassic carbonate deposits of the Swiss and meanwhile
also French Jura Mountains, were an integral part of the defini-
tion of the Brontopodus ichnofacies, and remain unambiguously
representative of this facies faunal association.
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Conclusions

o Based on very well-preserved and opulent material includ-
ing trackways with several well-preserved tracks exhibiting
substantial anatomical details, Jurabrontes curtedulensis, a
new ichnogenus and ichnospecies of a giant, robust thero-
pod dinosaur is erected and described in detail.

o This new ichnotaxon is easily differentiated from previ-
ously named ichnotaxa, and it is characterised by massive
and blunt digits, weak mesaxony, a clear 2-3-4 phalangeal
pad formula, and a distinctive detached proximal pad of
dIIl.

o Thelargest track BSY1050-TR2-R3 is, with a PL 0f 78.5 cm,
amongst the largest theropod tracks worldwide, including
Tyrannosauripus tracks from the Late Cretaceous, indicat-
ing that theropod apex predators of the Late Jurassic had
the same size as those from the Late Cretaceous.

o Jurabrontes represents an important track record of an
apex predator that complements the scarce bone record
of the Late Jurassic of the Jura Mountains and of (Central)
Europe in general. It confirms at least the occasional pres-
ence of giant theropods in tidal-flat environments of the
Jura carbonate platform.

o Co-occurrence on single surfaces of Jurabrontes with large
sauropod and small theropod tracks is of paleoecoloical
and ichnofacies significance.

o Jurabrontes is closely associated, i.e. 10-20 cm on top or
below levels with tiny, small, and medium-sized sauropod,
and medium-sized and large theropod tracks.

o Sauropods, and notably the smaller animals, were exposed
to a severe predation risk hazard in an open, flat and easily-
overviewed tidal flat environment with little or no vege-
tation cover.

o Two parallel (over)trackways on level TCH1070 were first
interpreted as pes-only sauropod trackways, and they
were only recognised as the trackways of giant theropods
by ongoing excavation of level 1065, located 5-8 cm below
level 1070. This example shows how easily tracks can be
misinterpreted and how important it is to excavate tracks
and ichnossemblages on order to correctly distinguish
true tracks from over- and undertracks.

o In the Late Jurassic, giant theropod tracks are known
from Germany, France, Morocco, Portugal, Spain,
and Uzbekistan. Most of these (Euthynichnium,
Hispanosauropus, Iberosauripus, M. teutonicus, M. uzbek-
istanicus, most unnamed tracks from Asturias) are clearly
different from Jurabrontes, but there are a few tracks with a
strong affinity to Jurabrontes in the Late Jurassic of France
(Loulle), Morocco, and Spain (Asturias).

o All these occurrences indicate that giant apex predator
theropods were more widespread in the Late Jurassic than
previously known.

o Our conclusions strongly support the presence of a faunal
exchange (migration) corridor that was open during sea-
level lowstands between the Iberian Meseta, the Massif
Central and the London Brabant Massif, which further-
more explains the recurrence of megatracksites during the
Oxfordian until the Berriasian on the Jura carbonate plat-
form (Meyer et al. 2006; Meyer 2011).
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