Historical Biology
An International Journal of Paleobiology

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/ghbi20

Large-sized pentadactyl carnivore footprints
from the early Miocene fossil track site at
Ipolytarnéc (Hungary): 3D data presentation and
ichnotaxonomical revision

Gabor Botfalvai, Janos Magyar, Veronika Watah, Imre Szarvas & Péter
Szolyak

To cite this article: Gabor Botfalvai, Janos Magyar, Veronika Watah, Imre Szarvas & Péter
Szolyak (2022): Large-sized pentadactyl carnivore footprints from the early Miocene fossil track site
at Ipolytarnéc (Hungary): 3D data presentation and ichnotaxonomical revision, Historical Biology,
DOI: 10.1080/08912963.2022.2109967

To link to this article: https://doi.org/10.1080/08912963.2022.2109967

View supplementary material (&

Published online: 16 Aug 2022.

Submit your article to this journal &

View related articles &'

View Crossmark data &'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=ghbi20


https://www.tandfonline.com/action/journalInformation?journalCode=ghbi20
https://www.tandfonline.com/loi/ghbi20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/08912963.2022.2109967
https://doi.org/10.1080/08912963.2022.2109967
https://www.tandfonline.com/doi/suppl/10.1080/08912963.2022.2109967
https://www.tandfonline.com/doi/suppl/10.1080/08912963.2022.2109967
https://www.tandfonline.com/action/authorSubmission?journalCode=ghbi20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ghbi20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/08912963.2022.2109967
https://www.tandfonline.com/doi/mlt/10.1080/08912963.2022.2109967
http://crossmark.crossref.org/dialog/?doi=10.1080/08912963.2022.2109967&domain=pdf&date_stamp=2022-08-16
http://crossmark.crossref.org/dialog/?doi=10.1080/08912963.2022.2109967&domain=pdf&date_stamp=2022-08-16

HISTORICAL BIOLOGY
https://doi.org/10.1080/08912963.2022.2109967

Taylor & Francis
Taylor & Francis Group

W) Check for updates

Large-sized pentadactyl carnivore footprints from the early Miocene fossil track site at
Ipolytarnéc (Hungary): 3D data presentation and ichnotaxonomical revision

Gabor Botfalvai(®*P<, Janos Magyar

<, Veronika Watah¢, Imre Szarvas® and Péter Szolyak®

aDepartment of Palaeontology and Geology, Hungarian Natural History Museum, Budapest, Hungary; ®PELKH-MTM-ELTE Research Group for
Paleontology, Budapest, Hungary; “Institute of Geography and Earth Sciences, Department of Paleontology, ELTE EStvos Lorand University, Budapest,
Hungary; “Herman Ott6 Museum, Miskolc, Hungary; ¢Subregional leader, Biikk National Park Directorate, Ipolytarnéc, Hungary

ABSTRACT

Ipolytarndc is one of the most important Cenozoic fossil trackway sites in Europe. Most of the discovered
footprints were investigated in 1985; however, a considerable period has elapsed since those investigations,
and during that time significant advances have been made in the field of 3D imaging. Given this fact, the
present study was undertaken to carry out a new analysis of the Ipolytarnéc fossil tracks, with a view to
present possible revisions of current knowledge. In line with this, detailed ichnotaxonomical analyses were
conducted on two large-sized pentadactyl footprint types using high-quality 3D models. As a result of the
investigations presented in this paper, the largest pentadactyl footprint-type (previously defined as
Bestiopeda maxima) was reclassified under the Platykopus ichnogenus based on new materials and their
3D models. The P. maxima footprints are believed to represent those of large-sized Amphicyonidae.
Thorough ichnotaxonomical analyses were performed on other pentadactyl fossil tracks which had been
attributed to Carnivoripeda nogradensis. The aim of the analyses was to suggest an extension of the
morphological characters of these ichnospecies. In contrast to the previously suggested Nimravidae origin,
we rather suggest that the C. nogradensis footprints belong to a mustelid-like carnivore based on its
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footprint morphology.

Introduction

Ipolytarnoc is one of the most diverse and important Miocene fossil
track sites in Europe. Over the last 120 years more than 3000
vertebrate footprints belonging to at least eleven species were dis-
covered at this locality (e.g. Bockh 1902; Tasnadi Kubacska 1976;
Kordos 1985, 1987; Kordos et al. 2021). The site is situated in the
northern Hungarian part of the Carpathian Basin, in Nograd
County, near the Hungarian-Slovakian border. The area is now
a main gateway of the Novohrad-Nograd UNESCO Global
Geopark (Szarvas 2007; Figures 1(A-B)).

The first mammal and bird footprints were discovered in
1900 by Hug6 Bockh, when he went to Ipolytarnéc in order to
study a giant silicified tree trunk embedded in a sandstone-tuff
transition (Bockh 1902). After the first discoveries, a large-
scale excavation of the footprint bearing-sandstone beds was
conducted in 1937 at the Ipolytarnéc site under the leadership
of A. Tasnadi Kubacska (from the Hungarian Natural History
Museum). This led to the discovery of further traces including
the first pentadactyl carnivore traces (Tasnadi Kubacska 1976
and see below). The first carnivore footprint from Ipolytarnéc
was mentioned by Abel (1935), who presented a photo and
gave a short description of this footprint and interpreted it as
a left manus imprint of a large carnivore such as Amphicyon
or ‘a large Felidae (Machairodus?)’ (see details below). In 1965,
O.S. Vialov (from Lvov, USSR) described rhinoceros footprints
from Ipolytarnéc and named them Rhinoceripeda tasnadyi
(Vialov 1965). The first detailed ichnotaxonomical work was
published in 1985 by L. Kordos (Hungarian Geological
Institute), who identified four birds (Ornithotarnocia

lambrechti, Aviadactyla media, Tetraornithopedia tasnadii and
Passeriopedia ipolyensis) and six mammalians (Bestiopeda max-
ima, Carnivoripeda nogradensis, Bestiopeda sp., Mustelipeda
punctata, Megapecoripeda miocaenica and Pecoripeda cf. amal-
phaea) ichnotaxa from the Ipolytarnéc area (for further details
see Kordos 1985). In the same year - but a few months later -
O.S. Vialov also published independently and in parallel with
the work of Kordos, another detailed ichnotaxonomical paper
about the trace fossils of the Ipolytarnéc site and described
three mammals (Bestiopeda hungarica, Bestiopeda bockhi and
Bestiopeda tarnocensis) and one reptile (Paruusipeda gemmea)
ichnospecies (Vialov 1985). Since the ichnospecies name of
Kordos (1985) was published a few months earlier than
Vialov’s work, the new taxa named by L. Kordos have priority
over those of Vialov (1985). However, the ichnotaxonomic
results of both authors were summarised by Kordos (1987)
and he concluded that:

® Bestiopeda hungarica Vialov 1985 is a junior synonym for
Carnivoripeda nogradensis Kordos 1985, because both names
are based on the same holotype.

® Bestiopeda bickhi Vialov 1985 is a junior synonym of
B. maxima Kordos 1985, because both names are based on
the same figure as Abel (1935) (see details below).

® Bestiopeda tarnocensis Vialov 1985 is a valid name for the
tetradactyl carnivore footprints of Ipolytarnéc which was
characterised as Bestiopeda sp. in Kordos (1985).

® Parnuusipeda gemmea Vialov 1985 is a junior synonym for
Mustelipeda punctata Kordos 1985, because Kordos (1987)
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suggested these digitigrade pentadactyl footprints originated
from a medium-sized mustelid and not from a reptile.

After this summary work, only a few short publications on the
Ipolytarndc traces were published (e.g. Kordos and Morgds 1988;
Szarvas 2007; Hagen et al. 2014; Kordos et al. 2021) and only
Pecoripeda cf. amalphaea was reclassified as a new species, named
as Pecoripeda hamori by Vialov (1986).

Most of the ichnospecies names described from Ipolytarnoc
are frequently cited in the international literature (e.g.
McDonald et al. 2007; Costeur et al. 2009; Lockley and Harris
2010; Abbassi et al. 2015; Melchor et al. 2019). However,
a considerable period of time has elapsed since the description
of these trace fossils and the significant advances in 3D imaging
capabilities would seem to justify a new examination of the
traces from Ipolytarndc.

The examination of the large-sized pentadactyl carnivore foot-
prints discussed in this paper is of paramount importance, since
only contemporary, poor-quality images of these traces were avail-
able in the original work of Kordos (1985). These images have often
led to misinterpretation of details about the traces (e.g. Lopez et al.
1992; Sarjeant et al. 2002 and see below). Furthermore, research
over the past years has led to the discovery of several pentadactyl
footprints and trackways that were previously unknown. These
have contributed greatly to the understanding of the ichnotaxo-
nomic position and palaeobiological features of the traces described
here. Finally, the pentadactyl carnivore tracks from the Ipolytarnéc
site are of great scientific significance, as the 17 million-year age of
the site (Palfy et al. 2007) suggests that it is possible to look back to
a period in the Earth’s history when changes in the composition of
carnivore mammal faunas were taking place worldwide (Barry et al.
1985; Eizirik et al. 2010; Werdelin et al. 2010; Domingo et al. 2014
and references therein). With the gradual disappearance of early
predators (e.g. Amphicyonidae, Hyaenodontidae, Creodonta), the
families Felidae, Canidae and Ursidae (recognised as the modern-
day carnivore groups) came to the fore (McLellan and Reiner 1994;
Viranta 1996; Peigné 2003; Werdelin et al. 2010; Domingo et al.
2014; Morales et al. 2015; Krapovickas and Vizcaino 2016 and
references therein). In connection with this, a thorough under-
standing of the taxonomic affiliation of the Ipolytarnoc footprints
is relevant for interpreting this transition.

This study focuses on the large-sized plantigrade pentadactyl
footprints of the Ipolytarndc area as represented by two different
ichnospecies (Platykopus maxima and Carnivoripeda nogradensis,
see below). The tetradactyl footprint of Bestiopeda tarnocensis
Vialov 1985 and the small-sized digitigrade footprints of
Mustelipeda punctata Kordos 1985 are out of the scope of this
study because further data are needed in order to be able to examine
these footprints in more detail.

Here, many high-quality 3D models are presented of the
Ipolytarnoc footprints (including holotypes and new materials),
which greatly facilitates detailed examination and possible revision
of the knowledge about these shallow traces. After a detailed
description of the traces, an emended diagnosis has been added
for these ichnospecies, and they are compared with other penta-
dactyl ichnospecies known from the international literature so that
ichnotaxonomical conclusions can be formed. Finally, an attempt is
made to determine the possible trackmakers for these ichnospecies.

Geological Background

The 510-ha-large Ipolytarnoc Fossil Nature Conservation Area is
situated in the North Hungarian zone of the Carpathian Basin (48°
14'12" N; 19°39'25" E; Figures 1(A-B)). It displays a classic

geological sequence of the Lower Miocene and safeguards
a uniquely preserved ancient habitat, yielding a large number of
high-quality fossils (Szarvas 2007; Kordos et al. 2021). The site has
been protected by the state since 1944 and it is managed by the
Biikk National Park Directorate.

Results of detailed geological and sedimentological investiga-
tions of the Ipolytarndc area have already been published in several
publications (e.g. Vadasz 1963; Csepreghyné 1967; Bartké 1985;
Harangi 2001; Kocsis 2007; Pélfy et al. 2007; Karatson et al. 2022).
Therefore, in this section of the present paper only a brief overview
is given of the main characteristics of the geological background of
this area.

The chronostratigraphic framework of the area is based on
the Central Paratethys regional stages of the Eggenburgian,
Ottnangian and Karpatian, and correlated with the standard
Burdigalian stage (see Rogl 1998; Piller et al. 2007; Figure 1
(C)). The oldest sediment is the uppermost part of the
Szécsény Schlier Formation, which crops out in some places
in the area (Bartké 1985). Siltstone beds of the Szécsény
Schlier Formation are interfingered with and overlain by the
heterotopic glauconitic sandstone of the nearshore facies of the
Pétervasira Sandstone Formation (Sztand 1994). At certain
levels, the Pétervasdra Sandstone contains unusually abundant
marine Eggenburgian mollusc fauna and shark teeth assem-
blages (Csepreghyné 1967; Kocsis 2007). This marine sand-
stone is in turn overlain by an unconformity - that is, by
the terrestrial strata of the Zagyvapalfalva Formation (Bartko
1985). The latter is represented by 1-8 m of fluvial conglom-
erate and sandstone overlain by 0-4 m of the track-bearing
sandstone (also referred to as ‘the Ipolytarndc footprint beds’).
The whole sequence is capped by a 20-40 m-thick rhyolite
called ignimbrite (Gyulakeszi Rhyolite Tuff Formation;
Harangi 2001; Karatson et al. 2022). The radiometric measure-
ments (Pélfy et al. 2007) and palacomagnetic studies (Marton
et al. 2007) of the rhyolite tuff of the Gyulakeszi Rhyolite Tuft
Formation (which covers the most important footprint-bearing
horizon) indicate an age of 17.0-17.5 Myr. This date correlates
with the late Ottnangian regional stage of the Central
Paratethys and the MN4 Mammal zone (Palfy et al. 2007).
The volcanics are covered by the Nogradmegyer Member of
the Salgétarjan Browncoal Formation (rhyolite-tuff-bearing
sandstone, variegated clay, and small-grained quartzite gravel
conglomerate). Younger rocks have been eroded within the
inner core of the investigated area.

The footprint-bearing beds of Ipolytarnéc are part of the
uppermost zone of the Zagyvapalfalva Formation (Figure 1(C)),
which contains thousands of animal tracks on its footprint hor-
izons (Bartkd 1985; Kordos 1985; Szarvas 2007; Kordos et al.
2021). The alternating thick and thin lamination of the clayish
and silty sandstone beds has a wide range of microrelief forms.
Furthermore, the occasional dense plant cover around the
braided river channel indicates frequent flooding and seasonal
water oscillation in a subtropical rainforest environment (Hably
1985). The uppermost layer of the footprint-bearing sandstone is
overlain by a thin siliceous limonite coating which easily decays
when dried out. The morphology of the footprint sandstone is
frequently articulated with slopes and terrace formations, and
there is pinching out towards the point bar of the river channel.
The strike of the footprint sandstone beds is approximately NW-
SE and it displays an undulating surface, while the fault-bordered
tectonic blocks dip slightly to the south. There are two main
excavation sites (named sites 1 and 2 in this study; see Figures 1
(C) and 2) which include ichnofossils, but they represent the
same horizon and same age.



HISTORICAL BIOLOGY e 3

Figure 1. Geographic and geological position of the investigated area. (a) Position of Ipolytarnéc locality near the Slovakian-Hungarian border; (b) Location of site 1 and site
2 of the Ipolytarnédc locality. (c) Stratigraphic position of the Lower Miocene formations at Ipolytarndc Fossils (after Kocsis 2007). Abbreviation: L = Langhian;

T = transgression; R = regression.

Historical overview: the ichnotaxonomy of the large-sized
pentadactyl footprints from Ipolytarnoc

The first-mentioned pentadactyl footprint from Ipolytarnéc is in
the form of an isolated cast of a large-sized carnivore (figure 144 in
Abel 1935). Abel (1935) presented a photo and gave a short descrip-
tion of this footprint and interpreted it as a left manus imprint of
a large carnivore such as Amphicyon or ‘a large Felidae
(Machairodus?)’. This footprint was discovered by T. Szontagh
(Hungarian Geological Institute) in 1900 in Ipolytarndc, but, unfor-
tunately, it was removed from its original place without detailed
documentation and was transported to Vienna, Austria.
Consequently, the exact provenance of this trace fossil is unknown
(Tasnadi Kubacska 1976; Kordos 1985). Thenius (1948) re-
examined this footprint and interpreted it as Hyaenaelurus sp.
based on its size and mesaxony as well as the number of digital
imprints and the retractile claws. The examination contains a more
detailed description and comparisons, but the representation of this
footprint is only a hand-drawn version of the one presented in the
paper of Abel (1935). Thenius (1948) did not find sufficient evi-
dence to place this footprint in a new ichnospecies, mentioning only
tangentially that the characters of the footprints most closely resem-
ble those of hyaenodont. Kordos (1985) described this footprint as
a new ichnospecies (Bestiopeda maxima) and gave the following
diagnosis ‘Carnivore footprint of great size. Sole impression proxi-
modistally flattened with five separate toe prints of oval plan-view. In

the median of the footprint is the largest (III rd.) toe. The Vth toe is
displaced into an extreme position, its proximal end falling in one
line with the distal apex of the Vth toe. No trace of claw apex visible’.
This diagnosis and the published dimensions of the footprint of this
new ichnospecies were limited to the photographs presented in
Abel (1935) and Thenius (1948). At that time, no other footprint
of this type was known from Ipolytarnéc (see Kordos 1985). In the
same year, albeit a few months later, Vialov (1985) also described
this footprint as a new ichnospecies (Bestiopeda bickhi). However,
according to the rules of nomenclature, the name given by Kordos
(1985) is considered as the earlier one and is therefore accepted as
being valid. Subsequent to these mentioned works, no detailed
scientific publications on these footprints have been forthcoming,
and there are only a few references to in situ footprints of this
ichnospecies in the Ipolytarndc area (e.g. Kordos et al. 2021).

The other large-sized pentadactyl footprint from the Ipolytarnoc
locality is the Carnivoripeda nogradensis. This was described and
named by Kordos (1985). Tasnadi Kubacska (1976) had already
mentioned this footprint type from Ipolytarnéc, and he produced
a hand-drawn illustration (figure 15 in Tasnadi Kubacska 1976) and
a short description of these footprints. However, his work did not
include a detailed ichnotaxonomic description, and he did not give
a formal ichnotaxonomic name to the footprints. Later, Kordos
(1985) re-examined them and gave the following short diagnosis
for the C. nogradensis ichnospecies: ‘Five-toed carnivore footprint.
The sole print is laterally wider than longitudinally, being distally
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Figure 2. Maps of the site 1 and 2 in the Ipolytarndc locality showing the location of the P. maxima and C. nogradensis footprints investigated in this study. (a) Map of site 1.
(b) Map of site 2. Location of site 1 and site 2 of the Ipolytarndc locality see Figure 1(B).

impressed. Toe prints elongated, droplet-shaped, ending in an apex.
The imprint of the tip of each claw is quite distinct’. In another work,
Kordos (1987) mentioned four more C. nogradensis footprints from
a new excavation site at Ipolytarndc (site II) and together with
these, he classified a total of seven traces in this ichnospecies.

Material and method

The material investigated for the present paper includes two different,
large-sized pentadactyl footprint types located in sites 1 and 2 of the
Ipolytarnéc locality (see Figure 1(B)). The exact position of the
examined material is shown in Figure 2. The 1 x 1 m square grid
system, which is shown in Figure 2, was implemented in the first stage
of research in 2021-2022 in order to map the surfaces covered by
trace fossils, accurately. For the methods, the tools and software for
mapping, see details in Mezei et al. (2022). An analysis is also given of
a single replica of the cast of the Platykopus maxima holotype
(MBFSZ V 2022.1.1) which is housed at the Collection of the
Mining and Geological Survey of Hungary (MBFSZ). For the descrip-
tion of footprints and trackways, the nomenclature and methodology
of Leonardi (1987) have been used. For measurements on photo-
graphs, the software Image J 1.45 (https://imagej.nih.gov/ij/) was
employed. During the photo documentation, the general procedures
discussed in Falkingham et al. (2018) were followed. Photos of the
investigated footprints were taken with a Canon EOS 600D
DS126311 camera. Three-dimensional models of the footprints
were created with an ARTEC LEO 3D HandHeld scanner with
structural lights (3D point accuracy: 0.1 mm; 3D resolution:
0.2 mm; see further details in https://cdn.artec3d.com/pdf/Artec3D-
Leo.pdf). The models were presented and observed using the GOM
Suite Software (https://www.gom.com/en/products/gom-suite/gom-
inspect-pro). 3D scans of the 10 footprints and trackways investigated
in this study can be found at www.sketchfab.com (see below), where
they are all freely downloadable in *.OBJ format:

Platykopus maxima

Replica of the holotype material (MBFSZ V 2022.1.1): https://sketch
fab.com/3d-models/replica-of-the-holotype-footprint-of-p-max
ima-9dfc751ceeec4113b2273f3bcfd7f4fd

C17 of site 1: https://sketchfab.com/3d-models/p-maxima-
footprint-from-c17-quadrate-080a6ec2f9b94e909873ab1df7f63613

C18 of site 1: https://sketchfab.com/3d-models/p-maxima-
footprint-from-c18-quadrate-dfa40c18529e4491857f6d79eeade6c3

F-G22 of site 1: https://sketchfab.com/3d-models/p-maxima-
footprints-from-f-g22-quadrates-6639fcb914b04ecd9a54f47b168faa74

J9 of site 1. https://sketchfab.com/3d-models/p-maxima-footprints-
from-j9-quadrate-82b1848a61954421b5df74458ea41fe0

J-K14 of site 1: https://sketchfab.com/3d-models/p-maxima-
footprints-from-j-k14-quadrates-033b214603c44c589c3177a51ddc6b65

K10 of site 1: https://sketchfab.com/3d-models/p-maxima-footprints
-from-k10-quadrate-1fc02ab070974e80844241e46d91b7fb

N16 of site 1: https://sketchfab.com/3d-models/p-maxima-footprints
-from-n16-quadrate-b08872bf147a4768ac4bal17d08c27ac

Carnivoripeda nogradensis

B3 of site 1: https://sketchfab.com/3d-models/holotype-material-of
-the-c-nogradensis-29b95a69866b483090c14f97c8f215d5
I9 of site 2: https://sketchfab.com/3d-models/c-nogradensis-
footprints-from-i9-quadrate-3ad77e744c9045b3a66bb55c26478{8f
Depth-colour images of the 3D models were generated using
GOM Suite software, and these were relative to a horizontal plane
which forms a spatial zero plane.

Systematic Ichnology

Ichnoorder Carnivora

Ichnogenus: Platykopus (Sarjeant et al. 2002)

Ichnospecies: Platykopus maxima (Kordos 1985)

1935 ... die vielleicht von einemAmphicyonherriihrt, vielleich-
taber von grossenFeliden’ Abel, p. 165, figure 144

1948 Hyaenaelurus sp.; Thenius, p. 225-229, Figure Abb. la

1985 Bestiopeda bickhi; Vialov, p. 75

1985 Bestiopeda maxima; Kordos, p. 281-282

2002 Felipeda maxima; Sarjeant et al.,, p. 44

2021 Bestiopeda maxima; Kordos, Figure 4E
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Figure 3. Replica (V 2022.1.1) of the holotype footprint of Platykopus maxima ichnospecies (left manus). (a) Scanned image; (b) General view; (c) Colour-depth image; (d)

Interpretative drawing.

Holotype. Large pentadactyl footprint presented in figure 144 in
Abel (1935), with a subsequent designation by Kordos (1985,
p- 367). A replica of this footprint is currently housed and inven-
toried (V 2022.1.1) in the Collection of Mining and Geological
Survey of Hungary and is presented in Figure 3 in this study.

Remarks. When Kordos (1985) described the new ichnospecies
Bestiopeda maxima, he designated the holotype of this ichnospe-
cies as follows: ‘O. Abel (1935), Fig. 144; E. Thenius (1948) Abb. la.
Its original was recovered, in 1900, from Ipolytarnéc, by
T. Szontagh; neither the original, nor a reproduction of it is
known to be available in a Hungarian public collection’. The
cited figure of Abel (1935) represents a relatively large pentadactyl
footprint on a triangular block; this was identified as a left manus
imprint of a large carnivore (Amphicyon or a large Felidae).
Kordos (1985) assigned only this single footprint (thought to be
lost) to this ichnospecies and mentioned no other footprints from
Ipolytarnoc that he would classify as being of this species. In 2003,
Laszlé Kordos found a replica of the holotype footprint cast in the
Collection of the Department of Palaeontology of the University
of Vienna, but the original footprint (what was presented in Abel
1935) is still missing. Laszlé6 Kordos made an additional replica
from this cast, which is currently housed and inventoried (V
2022.1.1) in the Collection of Mining and Geological Survey of
Hungary.

Emended diagnosis
Large plantigrade footprints with five digits on manus and pes.
Digital imprints appear as a separated oval depression. Tips of digits
are directed forward without significant rotation. Digits II-V form
a symmetrical arc around the pes or manus, while digit I is dis-
placed into medial position and frequently most deeply impressed.
Claw imprints are present, but these are short. The palm is antero-
posterior oval, and the metacarpal pad is not visible, while in the
case of sole, the impression of metatarsal pad is present. Digit I is
the strongest imprint, exhibiting variable orientation The impres-
sions of the hind foot imprints never cover the impressions of the
forefoot.

Referred materials: see Table 1, Figures 3-5 and Supplementary I

Description

Morphology of P. maxima traces varies greatly depending on the
moisture of the former substratum (Figure 4), but there are some
distinctive morphological features of these footprints that can be
used to distinguish them from the other predator tracks of the
Ipolytarndc area. All footprints were considered as P. maxima,
where a relatively large palm or sole prints (length and width
usually larger than 70 mm) were associated with five large-sized
ovoidal digital imprints (Figures 3 and 4 and Supplementary I). The
coexistence of these features is sufficient to separate the P. maxima
from the traces of Carnivoripeda nogradensis (because these foot-
prints can be characterised by five elongated, sharply clawed digits;
see below) and from those of Bestiopeda tarnocensis (which are
much smaller and only have four digital imprints, see Kordos 1985).

The isolated manus (Figure 4 (A-B) and pes (Figure 4 (C-D))
imprints can be separated from each other because the manus
imprints indicate greater width than length, while the pes traces
show the opposite. Both manus and pes exhibit inward rotation to
the midline of the trackway (Figure 5); this can help in differentiat-
ing the left and the right-side footprints. Furthermore, the charac-
teristic and deep imprints of digit I are always located on the medial
side of the footprints (Figures 3-5), a feature which can also be used
to separate left and right footprints.

Manus: Overall length varies between 79 mm and 171 mm
(average = 134), while the overall width varies between 83 mm
and 172 mm (average = 134) (Table 1). The palm is frequently
square-shaped with two antero-posteriorly elongated palm pes
imprints separated by a weak crest at the midline of the palm
(Figure 4 A-B). The distal part of the manus imprint is usually
more visible and deeper than the proximal part. The metacarpal pad
prints are never visible. Imprints of digit I are clearly visible in most
cases and often form deeper traces than other digital imprints
(Table 1 and Figures 3 and 4 (A-B)). Digit I is not only larger
than the other digital imprints but also often forms a deep hollow,
which may indicate that this finger was highly mobile and often
served as a support when the animal walked on a wet, soft sub-
stratum (Figure 4(A)). This high degree of mobility of digit I is
supported by the large variability in the angular values measured
between digits I and V (see Table 1). The other digital imprints
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Figure 4. Referred materials of Platykopus maxima ichnospecies from the Ipolytarndc locality. (a) Right manus from the N16 quadrate (N16/1) of site 1 (A1: Scanned image;
A2: Colour-depth image; A3: General view; A4: Interpretative drawing); (b) Right manus from the N16 quadrate (N16/4) of site 1 (B1-B4 see above); (c) Right pes from the
J-K14 quadrate (J-K14/3) of site 1 (C1-C4 see above); (d) Left pes from the C18 quadrate (C18/1) of site 1 (D1-D4 see above). Position of the different quadrates see

Figure 2A.

form a more or less symmetrical arc around the palm, where digits
II-1IV are of equal size, while digit V usually represents the smallest
impression (Table 1). Digit I is always separated from the other
digital imprints and situated in an extreme position at the medial
side of the palm (Figures 3-4 and Supplementary I). Digits I-V are
not closely appressed to palm imprints because they are slightly
further away from the palm. Furthermore, the measured interdigital
angles exhibit significant variations in the studied material
(Table 1), suggesting that all fingers of the forefeet were quite
flexible. Claw imprints are only rarely and poorly visible (see
Figures 4 (A4 and B4)), indicating the claws of the manus were
partly retracted or held above the ground, and only the tips of the
claws were impressed.

Pes: The pes imprints are of greater length than width due to the
impression of the metatarsal pad. The overall length varied between
37 mm and 195 mm (average = 145), while the overall width varied
between 83 mm and 164 mm (average = 119) (Table 1). The sole
often consists of two parts (Figures 4(C-D)): an oval or rectangular
paw print and a much smaller trapezoidal heel print separated by
a shallow elevation. In rare cases, where the footprint is not so deep
(i.e. the impression has been made in a firmer substratum), the sole
forms a kidney-shaped impression where the heel and sole impres-
sions merge (Supplementary I). The pes also has five digits, but in

rare cases only four digital imprints are present. Digit I is situated in
a medial position as in the case of the manus, but its imprints are
not so prominent here because it is often the same size and depth as
the other digital imprints. Imprints of digits II and V are situated
further from the palm imprints and located in a distal position
(Figures 4 (C-D)). The interdigital angles do not show as much
variability as those of the manus (Table 1), suggesting that the pedal
digits may have been more rigid. Claws imprints are poorly visible,
indicating the claws of the pes were probably partly retracted or
held above the ground.

Trackway pattern (Figure 5 and Supplementary I): As far as it is
known, three partial trackways of P. maxima can be described from
the Ipolytarndc area (N16; J-K14 and J9; these abbreviations stand
for map coordinates; see Figure 2). In all trackways, the impressions
of the hind foot imprints indicate that they never covered the
impressions of the forefoot (Figure 5); this can be considered
a general character for P. maxima traces. These trackways were
most likely made by a wide-bodied animal because the left and right
footprints have regular and inward orientations.

N16 trackway (Figure 5A): This trackway contains the best-
preserved and well-studied manus imprints of P. maxima from
the Ipolytarndc site (see Figures 4 (A-B)); however, the other data
of this trackway cannot be investigated in detail because of the
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sharp bend of the midline of the trackway. Furthermore, the exam-
ination of the footprints is made more difficult by the fact that they
are located under a pavement reserved for visitors and thus their
examination is limited (see Figure 2(A)). This trackway contains
two well-preserved right manus imprints with two poorly preserved
footprints (probably pes imprints) between them. In addition to
these footprints, there are other isolated and very deep digital
imprints (some of these can reach a depth of 1 cm) without palm
or sole prints. The depth of the digital imprints associated with the
manus is also much greater than those of the other footprints
investigated in this study; furthermore, the claw prints are also
more robust in these cases (see Supplementary I). The depth of
the fingerprints suggests that the surface may have been highly
moist, and the animal may have pushed its fingers deeply into the
substrate to keep its balance during its gait. The available informa-
tion indicates that only the left-side footprints of this trackway can
be studied - i.e. those which curve along an S-shaped midline.

J-K14 trackway (Figure 5(B)): This trackway shows three suc-
cessive footprints: two of the hind feet and one of the forefeet (for
more detailed images see Supplementary I), probably of a bear-
sized animal travelling across a surface sufficiently moist for its
weight to create pressure mounds around the prints (see also
Figure 4(C)). The external trackway width is ca. 287 mm; the
width of pace (feet) is ca. 141 mm, the length of pace (feet)
691 mm, while the distance between the manus and pes is about
421 mm (based on the methods of Leonardi 1987). Both manus and
pes exhibit inward rotation (Figure 5(B)). The most distal footprint
(left pes; presented in Figure 4(C)) was impressed into a very moist
substratum because its contours are blurred and spread.
Furthermore, following the formation of the footprint, it is likely
that water flowed inside to the sole from the digital imprints
through small channels.

J9 trackway (Figure 5(C)): This trackway exhibits a left-turning
series as a result of which footprints are significantly crowded in the
direction of the bend, making it difficult to investigate the trackway
pattern. In addition to the blurred and faintly visible partial foot-
prints and digital imprints, the trackway contains a minimum of six
relatively well-preserved footprints (two of the hind feet and four of
the forefeet, see details in Supplementary I). Measurements of
different trackway patterns were made on the first two pes imprints
(left and right), because in this case, the midline is still relatively
straight. The external trackway width is ca. 177 mm, the width of
pace (feet) is ca. 108 mm, and the length of pace (feet) 469 mm,
while the distance between the manus and pes is about 301 mm.
These values are one and a half times smaller than for the J-K14
trackway, which is consistent with the differences in the size of the
pes imprints in the two series (pes prints of the J-K14 series are one
and a half times larger than those of the J9). Characterisation of the
most distal footprints is problematic because their orientation and
position cannot be determined due to their poorly visible contours.
They appear to form a single print (right manus?), but in this case
the resulting size data would be very high (e.g. total
width = 188 mm) compared to the other footprints in this trackway
and the other investigated footprints in this study. It is suggested
here that this imprint consists of two footprints placed side by side,
but the details of these footprints are not available for study.

Comparison with other relevant Tertiary pentadactyl footprints
The Platykopus maxima footprints are clearly different from the
Carnivoripeda nogradensis (i.e. the other pentadactyl footprint
from Ipolytarndc: see below) because the digital imprints are
oval and not elongated. The claw imprints are only slightly
visible, and the P. maxima prints are generally wider than
long, as opposed to Carnivoripeda which are longer than wide

(see below). The size of the Bestiopeda tarnocensis traces is half
of the P. maxima, and these are tetradactyl footprints and not
pentadactyl (see Kordos 1985).

This ichnospecies does not resemble the creodont
Zanclonychopus cinicalcator traces (Late Eocene tuff, Presidio
County, Texas, USA; Sarjeant and Langston 1994) because they
are much larger, and the characteristic curving fingers seen in
Zanclonychopus are not observed in P. maxima footprints.
Another Eocene creodont trace fossil was described from the
Célas Sandstone deposit of south France and named
Hyaenodontipus praedator (Ellenberger 1980). The poor preserva-
tion of these traces and the lack of detailed illustrations make it
difficult to compare them with the Ipolytarnéc footprints.
However, besides the significantly different ages of the two trace
fossils, there is also a difference in that the trackways of
H. praedator are described as heteropodous with pentadactyl
manus and tetradactyl pes, while the P. maxima has pentadactyl
pes. The creodont-like footprint of Sarcotherichnus enigmaticus
(Oligocene, Vaucluse, south-eastern France) is clearly different
from the Ipolytarnéc traces, based on the orientation of digits
I and V (see Demathieu et al. 1984). Sarjeantipes whitea was
described by McCrea et al. (2004) based on heteropodous track-
ways (tetradactyl manus and pentadactyl pes) where the manus
prints are partially or completely overprinted by pes prints; thus,
this ichnospecies is different from the P. maxima (see Figure 5).

Two species of the amphicyonid Axiciapes were described by
Sarjeant and Langston (1994) from the Late Eocene tuff in Presidio
County (west Texas, USA). The first is Axiciapes ferox which has
five digits on the manus and only four on the pes, so this ichnos-
pecies is different from P. maxima. Furthermore, the pattern of
Axiciapes ferox tracks shows a regular superposition of hind foot
imprints on those of the forefoot. Such a pattern is not detectable
from the tracks of P. maxima (see Figure 5). The other ichnospecies
of the genus Axiciapes is A. curvidigitatus which is characterised by
a strong inward curvature of digits I to IV (Sarjeant and Langston
1994), which is not observed in the case of the Ipolytarnoc traces.
P. maxima is clearly different from the Hirpexipes alfi because of the
absence of the characteristic sharp claws and the long and slender
digits of the pes (see Sarjeant et al. 2002). An animal with
a heteropodous trackway with pentadactyl manus and tetradactyl
pes was described as Bestiopeda amphicyonides by Thenius (1967).
It was found in the Pliocene Rohrbacher Conglomerates of the
Vienna Basin. These footprints are different from those of
P. maxima, because in the case of B. amphicyonides the digital
imprints are situated very close to each other; digit I is not in
a lateral position and the impression of the hind foot is tetradactyl.
Elongate digits and the marked claw imprints of Carnotipus solitar-
ius (Monte el Cristo, Spain, Lower Miocene; Lopez et al. 1992) are
clearly different from P. maxima footprints.

Rich and variable samples of ursid-like trace fossils were identi-
fied as Ursichnus europaeus ichnospecies from the Upper
Pleistocene cave sediments of Ursilor Cave in the western
Carpathians, Romania (Diedrich 2011). These footprints differ
from P. maxima because the palm imprints are kidney-shaped, an
ovoidal heel imprint has been made by the front paw, and all digital
imprints are situated in front of the pad. Another ichnospecies of
Ursichnus ichnogenus is the U. sudamericanus described from the
late Pleistocene palaeoichnological sites of Pehuen Co, Buenos
Aires province, Argentina (Aramayo et al. 2015). The Ipolytarndc
traces differ from the footprints of U. sudamericanus because the
digit imprints do not show inward rotation, claw prints are only
slightly visible, the palm impression is not separated from the
digital pad impressions by a marked ridge, and the length of digit
III is not significantly different from the other digital imprints.
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Figure 5. Platykopus maxima trackways. (a) trackway located in the N16 quadrat of site 1; (b) trackway located in the J-K14 quadrate of site 1; (c) trackway located in the J9
quadrate of site 1. Position of the different quadrates see Figure 2A and see Supplementary | for a close-up of the different footprints on these trackways.

Another ichnogenus with an ursid-like track is Platykopus (see
Sarjeant et al. 2002; Lucas and Schultz 2007). This exhibits a high
similarity with the Ipolytarndc traces based on the diagnosis of
Sarjeant et al. (2002) because (1) these are large-sized plantigrade
footprints with five digits on manus and pes; (2) digital imprints

appear as separated oval depressions; (3) digits II-V form
a symmetrical arc around the pes or manus; (4) digits I to IV are
similar in size, while digit V is shorter than the other; and (5) the
pes is longer and narrower than the manus due to the metatarsal
pad. Based on the diagnosis of the Platykopus ichnogenus given by



10 e G. BOTFALVAI ET AL.

Sarjeant et al. (2002), the Ipolytarndc traces are classified under this
genus. Two ichnospecies of Platykopus are known: one is
P. ilycalcator (type ichnospecies of the ichnogenus; Late Miocene,
Nevada USA) described by Sarjeant et al. 2002 and the other is the
P. stuartjohnstoni from the Upper Miocene strata of Ogallala
Formation, Texas, USA (Lucas and Schultz 2007). The
Ipolytarnéc traces are different from the P. ilycalcator because the
morphology, size, and orientation of digit I are different, digital
pads are situated further from the metatarsal/metacarpal pads, and
the impression of the claws is only slightly visible and there are no
strong tips at the end of the digital pads (see the diagnosis of
Sarjeant et al. 2002). Further tracks of P. ilycalcator were identified
at the Miocene Upper Red Formation in the Shokorchi area, west
Zanjan, NW Iran (Abbassi 2010). These imprints are half the size of
the type ichnospecies of P. ilycalcator but represent the same species
in terms of morphological characters (see further details in Abbassi
2010). However, in the case of the P. ilycalcator of the Upper Red
Formation, the tips of manus digits are rounded without claw
traces; this indicates a difference from the type ichnospecies and
similarities with the P. maxima of the Ipolytarnéc locality. Apart
from this similarity, the footprints of P. maxima differ from the
P. ilycalcator of the Upper Red Formation because 1) there is
a greater distance between the pes and manus imprints in
a trackway; 2) The pes and manus imprints display the same quality
of preservation; 3) the Ipolytarnoc footprints are clearly plantigrade
and not semiplantigrade (see Abbassi 2010). Footprints of
P. maxima differ from P. stuartjohnstoni because the pes has five
digital imprints, the breadth of the pes is less than that of the
manus, and the digit imprints are oval and not triangular (see
Lucas and Schultz 2007).

Comments
These footprints were earlier described by Kordos (1985) as those of
Bestiopeda maxima. However, this ichnogenus name can be mis-
leading (for further details, see Sarjeant et al. 2002; Melchor et al.
2019) because the observed footprints are pentadactyl, while the
Bestiopeda nomenclature was originally applied to tetradactyl foot-
prints (Vialov 1965, 1966; Sarjeant and Langston 1994; Sarjeant
et al. 2002; Melchor et al. 2019). Although Vialov (1965, p. 112)
proposed the ichnogenus name Bestiopeda (with the type ichnos-
pecies being B. bestia) to imprints with four digits, Bestiopeda was
later applied to pentadactyl footprints (Thenius 1967; Costeur et al.
2009) and heteropodous trackways with pentadactyl manus and
tetradactyl pes (Thenius 1967) as well (see detailed in Melchor
et al. 2019). The problems with the Bestiopeda name primarily
originated with Vialov (1965, 1966) because he did not present
a diagnosis for this ichnogenus, and he proposed this ichnogenus
name as a neutral generic one for all paw prints of predators
(Melchor et al. 2019). Furthermore, based on the detailed taxo-
nomic revision of the tetradactyl footprints, Melchor et al. (2019)
suggested that the two ichnospecies (B. sanguinolenta and
B. gracilis) of Bestiopeda should be considered as Canipeda, while
the type ichnospecies (B. bestia) of Bestiopeda should be regarded as
a hyaena-like fossil footprint. Therefore, the use of the Bestiopeda
ichnogenus name for the pentadactyl footprint of the Ipolytarnéc
site is highly problematic because 1) no diagnosis of this ichnogenus
is available and 2) all the species classified by Vialov (1965) in the
ichnogenus Bestiopeda are tetradactyl footprints and thus this name
is not applicable to pentadactyl prints (Melchor et al. 2019).
Considering the nomenclature problems of the Bestiopeda ichno-
genus, here these footprints have been classified under Platykopus,
based on listed features in the diagnosis above.

Kordos et al. (2021) mentioned a further nine Bestiopeda max-
ima “‘unpublished’ footprints (Table 1 in Kordos et al. 2021) which

were discovered between 1983 and 1988. Unfortunately, this recent
work of Kordos does not provide information about the position of
these Bestiopeda maxima footprints and does not contain descrip-
tions of their traces; consequently, it is impossible to identify and
compare them with the footprint investigated in this study. Only
one footprint was depicted from the mentioned nine traces
(Figure 4 in Kordos et al. 2021), which presumably corresponds
to Figure 4(B) footprint presented in the study.

Ichnogenus Carnivoripeda (Kordos 1985)

Ichnospecies: Carnivoripeda nogradensis (Kordos 1985)

1974 ¢ ... Amphicyonidae footprint’ Tasnadi Kubacska, p. 93,
Figurel5

1985 Bestiopeda hungarica; Vialov, p. 73, Plate II

1987 Carnivoripeda nogradensis, Kordos, p. 458-460, Figure 1

Holotype. Three footprints belonging to one individual located in
the B3 square grid (see Figure 2A) of site I of the Ipolytarnéc
locality. These footprints were first depicted in Tasnadi Kubacska
(1976), and later in Kordos (1985). The same footprints are pre-
sented in Figure 6 in this study.

Emended diagnosis

Plantigrade footprints with five elongated, sharply clawed digits on
the manus and pes. Imprints of the manus and pes are longer than
they are wide. Digits III-V point forwards, while digits I and II
outwards in the case of the manus. In the case of the pes, the central
digits (II, III, IV) are parallel and the outer digits (I and V) are
offset, at an angle pointing slightly outwards. Digits IT and IV of the
pes curve towards digit III. Imprints of claws are distinct. Digit III
represents the largest digital imprint. The palm and sole are of
greater width than length and form a relatively deep, kidney-
shaped impression. The impressions of the hind foot imprints
never cover the impressions of the forefoot.

Referred materials:
see Table 2 and Figures 6-7

Descriptions

The tracks of Carnivoripeda nogradensis appear to be of a large
plantigrade carnivore with mesaxonic feet and hands. These foot-
prints can be distinguished from the other carnivore footprints
from the Ipolytarnéc site based on their large-sized elongated
digital imprints (five on the manus and pes) and the deeply
impressed claws.

Manus (Figures 6(B) and 7(C and E): Overall length varied
between 96 mm and 142 mm (average = 116), while the overall
width varied between 83 mm and 100 mm (average = 89) (Table 2).
A well-preserved and deeply impressed manus imprint can be
investigated in the B3 quadrate of site I (holotype material; see
Figure 6(B)), while the manus imprints are poorly preserved with
blurred contours in the trackway of the I9 quadrate of site II (see
Figures 7 (C and E)). Accordingly, the description here (and the
description of the pes later) is limited to the holotype material (B3
quadrate). The proximal ends of the digital imprints form
a symmetrical arc around the palm, where digits III-V point for-
ward, while digits I and II point outwards. The digital imprints are
straight and oriented outwards from the centre of the sole. Digits
I and V bear single elongated phalangeal pads, while digits II-IV
appear to bear two or three pads (Figure 6 (B1)). The palm impres-
sion is separated from the imprints of digits II-V by a marked ridge,
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Table 2. Summary of detailed measurements on Carnivoripeda nogradensis footprints from the Ipolytarndc locality (location data see Figure 2) (remarks: ? = uncertain data;
NA = not available). Close-up of all these footprints is presented in Supplementary | and Figures 6-7. See Supplementary | for the footprints associated with the serial

number.

Summary of detailed measurements on Carnivoripeda nogradensis from Ipolytarndc locality

Footprint Palm or Sole Digit Length (mm) Digit Width (mm) Divarication of digits

Serial Length Width Length Width - 1= Iv-
Location Number Position (mm) (mm) (mm) (mm) | 1l m v v | I wv v = I\ vV -V
B3 of site B3/1 Right Pes 91 79 41 60 26 32 42 30 41 15 11 12 11 14 194 150 135 179 654
1 B3/2 Left Manus 111 83 40 60 20 26 36 28 27 12 15 13 13 12 309 256 164 156 86.8
B3/3 Right Pes? 66(7) 75 NA NA 24 27 32 24 23 12 10 16 16 12 146 160 173 194 523
19 of site 19/1 Right Pes 149 126 62 72 NA 61 62 52 39 NA 15 20 25 13 NA 251 176 197 NA
2 19/2 Right Manus 142 100(?) 62 53 NA 539 665 NA NA NA NA NA NA NA NA 177 NA NA NA
19/3 Left Pes 160 120(7) 65 87(7) 47 80 68 56 NA 15 29 25 15 NA 13.6 168 148 NA NA
19/4 Left Manus 96(?) 85(7) NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

while the imprint of digit I merges with the palm (Figure 6(B)). The
palm is kidney-shaped and contains three roughly trapezoidal palm
pad imprints. The claw imprints of all digits are visible. The distal
and proximal parts of the manus imprint are approximately equal
with respect to depth and preservation (Figure 6 (B2)); the meta-
carpal pad prints are not visible. Manus imprints of the trackway of
the I9 quadrate of site II are poorly preserved, and thus only the
palm prints and the outline of digits IT and III (with claw imprints)
can be studied (Figure 7 (C and E)). Its size is approximately one
and a half times that of the manus impression of the B3 quadrate of
site I.

Pes (Figures 6(C-D) and 7(B and D)): The pes seems to be of
a size equal to that of the manus. Its overall length varies
between 91 mm and 160 mm (average = 116), while the overall
width is between 75 mm and 126 mm (average = 100)
(Table 2). Digits II and IV curve inward towards the axis of
digit III, while the outer digits (I and V) are offset and angled
slightly outwards (Figure 6(C)). All digits have marked and
deeply impressed claw imprints. Digit III is the largest digital
imprint situated in the median of the footprint. The impression
of the sole is separated from the imprints of digits II-IV by
a marked ridge, while in the case of digits I and V, this ridge is
not so prominent (Figure 6(C)). This impression is proximodis-
tally flattened and contains three ovoidal to trapezoidal palm
ped imprints separated by a weak crest (Figure 7 (C2)). The
values of divarication of the digits are lower than the values
measured at the manus (Table 2). The distal and proximal parts
of the pes imprint are of approximately equal depth, while the
metatarsal pad prints are not visible (Figure 6(C)). The pes
imprints of the trackway of the I9 quadrate of site II are large
and contain long claw imprints (Figure 7(B and D)). The digit
imprints are completely fused and only the claws form deep
grooves at the end of the toes. The imprints of the sole contain
three ovoidal palm pad imprints separated by a relatively high
crest.

Trackway pattern: Each of the footprints described above is
present in two different trackways (Figures 6(A) and 7(A)), and
there appear to be no other C. nogradensis footprints in the area
apart from these tracks. All the trackways indicate that the impres-
sions of the hind foot imprints never cover the impressions of the
forefoot.

B3 trackway (holotype material; Figure 6(A)): This trackway
contains three footprints, where the footprint in the upper left
position represents the imprint of a left manus, while the
footprint underneath can be interpreted as the imprint of

a right pes (see also Kordos 1985). The third imprint is
a partial footprint, of which only the distal part can be studied
(Figure 6(D)). Kordos (1985) interpreted this partial footprint
as a right manus, but its position in the trackway does not
support this suggestion. If this interpretation of the third
impression were to be accepted, then the relative positions of
the three footprints would form a roughly equilateral triangle,
where the left and right manus are situated side by side, but
very far apart compared to the distance of the left manus and
right pes. Furthermore, if the upper footprints were inter-
preted as left and right manus imprints, then the position of
the lower footprint (right pes) would be uninterpretable, as it
would fall in the middle of the distance between the two
handprints. However, if the 19 series from site II is observed,
it can clearly be seen that the manus and pes imprints on the
same side are below each other, while the distance between the
left and right footprints is the same for both the manus and
the pes (see Figure 7(A)). Thus, the evidence indicates that this
pattern (which is general for the large-bodied quadruped car-
nivores) is not compatible with the assumption proposed by
Kordos (1985) - i.e. that the upper two footprints represent an
impression of the left and right manus. Unfortunately, the
trackway series does not contain more footprints, so it is not
possible to reconstruct the direction of the animal’s move-
ment. Theoretically, it is possible that the problematic foot-
print represents the second impression of the right pes, which
was imprinted when the animal turned to the right. This
hypothesis can be supported by the fact that the morphology
(e.g. respective positions of digits II-IV; divarication of digits;
and inward orientations) and the size of these two footprints
are very similar to each other and they do not exhibit any
characters (e.g. size and orientation of digital imprints) which
are indicative of the manus imprint.

19 trackway (Figure 7(A)): This trackway was first men-
tioned by Kordos (1987) as showing C. nogradensis footprints,
and he gave a short description of them. It contains four
successive footprints (two of the hind feet and two of the
forefeet) of a large-sized animal travelling across a very moist
surface. Due to this moist substrate, the animal’s feet sank
deeply into the substrate and thus the original contours of
these footprints are noticeably blurred. Trackway pattern can
be characterised as follows: (1) The external trackway width is
ca. 373 mm, (2) the width of pace (feet) is ca. 283 mm, (3) the
length of pace (feet) is 338 mm, (4) the width of pace (hands)
is ca. 242 mm, (5) the length of pace (hands) is ca. 240 mm



12 (&) G.BOTFALVAIETAL.

Figure 6. Holotype footprints of Carnivoripeda nogradensis ichnospecies (located in the B3 quadrate of site ). (a) Trackway of holotype material (A1: Scanned image; A2:
Colour-depth image; A3: General view; A4: Interpretative drawing). (b) Left manus from the holotype trackway (B1: Scanned image; B2 Colour-depth image). (c) Right pes
from the holotype trackway (C1: Scanned image; C2 Colour-depth image). (d) Partial imprint of right pes from the holotype trackway (D1: Scanned image; D2 Colour-depth

image).
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Figure 7. Referred material of Carnivoripeda nogradensis ichnospecies (located in the 19 quadrate of site 2). (a) Carnivoripeda nogradensis (A1: General view; A2: Scanned
image); (b) Right pes (B1: General view; B2: Scanned image; B3: Colour-depth image); (c) Right manus (C1-C3 see above); (d) Left pes (D1-D3 see above); (e) Left manus (E1-

E3 see above). Position of the 19 quadrate of site 2 see Figure 2B.

and (6) the respective distances between the manus and pes
are about 353 mm (right side) and 250 mm (left side) (these
measures are based on the methods of Leonardi 1987). The
impressions of the hind foot imprints do not cover the impres-
sions of the forefoot.

Comparison with other relevant Tertiary pentadactyl footprints
The footprint of C. nogradensis is different from that of
Zanclonychopus cinicalcator because it is much larger, and the
inner digits do not curve outwards (see Sarjeant and Langston
1994). Creodont-like tracks of Dischidodacylus stevensi have been
reported from the latest Eocene sediments of the Skyline Channels
of Trans-Pecos Texas, USA (Sarjeant and Wilson 1988), but these
have very unusual features, for example, digit IV of the pes is
distally divided and has two claws, while digits IIT and IV of the
manus are sometimes distally divided and may have two sets of
claws. Thus, these are clearly different from the Ipolytarnoc traces.
C. nogradensis differs from the footprint of Sarcotherichnus enig-
maticus because the digital imprints are elongated, the claw marks
are present and the orientation of digits I and V is significantly
different (based on the description of Demathieu et al. 1984).
Sarjeantipes whitea clearly differs from the Ipolytarndc traces
because the manus imprints of C. nogradensis are also pentadactyl
and the manus prints are never overlain by pes prints (see McCrea
et al. 2004). Lopez et al. (1992) presented several footprints of
Carnotipus solitarius from lower Miocene sediments at Monte el
Cristo, Spain, and these exhibit four or five elongate digital imprints
with a square to trapezoidal palm and sole. The remains of
C. solitarius are similar in age (Miocene) and also have many
similarities in their diagnostic characters to the footprints of
C. nogradensis from Ipolytarnéc (e.g. size, elongated and radially
orientated digital imprints, and claw impressions; for a diagnosis
see Lopez et al. 1992). Unfortunately, the poor preservation of
C. solitarius footprints and consequently the quality of the pre-
sented figures of these traces do not allow a more detailed compar-
ison with the C. nogradensis footprint. However, based on the
diagnosis provided for C. solitarius by Ldépez et al. (1992),
Carnotipus is considered a junior subjective synonym of
Carnivoripeda.

Footprints of Axiciapes ferox do not match the Ipolytarndc
traces, because five digits are also present on the pes, the claws of
the manus are present, and the manus and the pes imprints in the
trackways never cover each other (see Sarjeant and Langston 1994;
Plate 17). This ichnospecies does not resemble the Axiciapes curvi-
digitatus, because the curvature of the digital impressions is differ-
ent, the claws of the hands were not retracted, the pes and manus
are equal in size, five digits are present on the pes, and the pes
imprints are not shovel-shaped (see description in Sarjeant and
Langston 1994). The other amphicyonid footprint, Hirpexipes alfi
(Sarjeant et al. 2002) is also different from that of C. nogradensis,
because digit IIT is the longest compared to the other digits, and the
metacarpal or metatarsal pads did not make an impression, and the
digits of the pes are much shorter.

The footprints of Ursichnus europaeus Diedrich 2011 are differ-
ent because they are much larger, the pes imprints have different
shapes, and the manus are of greater width than length.
Furthermore, C. nogradensis differs from all ichnospecies of
Platykopus because the digital impressions are elongated and not
oval (for a detailed description of Platykopus ichnogenus, see above
and in Sarjeant et al. 2002; Lucas and Schultz 2007; Abbassi 2010).

C. nogradensis exhibits the closest resemblance to the mustelid-
like carnivore footprints of Phacelopus therates (Late Eocene tuftf,
Presidio County, Texas, USA; Sarjeant and Langston (1994)). This
assertion is based on the similarity of their respective general
shapes, sizes, and the inward rotation of the digital impressions
(see Sarjeant and Langston 1994). A notable difference is the posi-
tion of digit I which is situated in a lateral position in the case of the
Ipolytarndc traces, as opposed to P. therates where digit I is directed
forward, in a similar way to the other digits. Furthermore, the
length of the digital imprint of P. therates is proportionally longer
than that of C. nogradensis and the shape of the palm imprint is also
different. Another mustelid-like carnivore footprint was described
from the Pliocene Rohrbacher Conglomerates of the Vienna Basin
by Thenius (1967) and this was cited as being that of Bestiopeda
guloides. This footprint is different from the Ipolytarnoc traces
because the digital imprints are elongated and not oval. Costeur
et al. (2009) mentioned an isolated pentadactyl footprint (named
Bestiopeda sp.) from the Oligocene sediments of the Regional
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Natural Park of Luberon, France, showing resemblances in mor-
phology and size with Bestiopeda guloides. This footprint also differs
from C. nogradensis because of its ovoid-shaped digital imprints.
Pleistocene footprints of Mustelidichnum (M. enigmaticum and
M. vallecitoensis; see Remeika 2001) were interpreted as those of
an aquatic mustelid, based on the webbing impression between the
central digits. This feature is missing in the case of C. nogradensis
and thus the relationship between these two ichnospecies can be
ruled out.

Discussion

The Ipolytarndc site is considered to have been a drinking place for
animals (e.g. Kordos 1985; Szarvas 2007, 2021). The site provided
several spring waters which constituted a valuable source under
a relatively hot subtropical climate (Bartké 1985; Hably 1985;
Kordos 1985). Since the channel-fill sediments are only detectable
in older layers, it was suggested that the water holes may have been
fed by veins flowing from intermittent springs (Bartkd 1985).
Animal footprints can be found at several levels on the surface of
successive sandstone layers, where traces have been well preserved
around water holes which were subject to periodical drying out on
relatively silty sediment surfaces.

Footprints of carnivores are rare at the Ipolytarndc site and
account for less than 3% of the footprints documented in the area
(based on Kordos et al. 2021, and this study). The most frequent
carnivore footprints are the tetradactyl ones of Bestiopeda tarno-
censis (~33 samples, in Kordos et al. 2021), followed by pentadactyl
footprints of P. maxima (22 samples), while the rarest are those of
C. nogradensis (7 samples).

The largest carnivore footprints of the Ipolytarndc locality
belong to the P. maxima which over many years have been regarded
as footprints of an amphycyonid carnivore (Abel 1935; Thenius
1948; Kordos et al. 2021). The first description of this footprint type
was produced by Abel (1935) and at that time he suggested that
these large pentadactyl footprints from Ipolytarnéc could have
belonged to an amphicyon-like carnivore; however, he also did
not rule out its origin as coming from a °‘large Felidae
(Machairodus?)’. Thenius (1948) came to the same conclusion as
Abel (1935) and he also defined this footprint as being one left by an
amphycyonid carnivore. Kordos (1985) makes no mention of the
origin of this large-sized pentadactyl footprint, but in his later work
he also suggested that these footprints most likely belonged to
a large-sized beardog (e.g. Kordos et al. 2021).

In this study, based on the morphological characters of this
footprint type, the authors suggest that these footprints belong to
the Platykopus ichnogenus, because all diagnostic characteristics of
this ichnogenus can be recognised on them (see above). All
Platykopus footprints are considered to represent those of a large
bear-like animal (Sarjeant et al. 2002; Lockley et al. 2007; Abbassi
2010; Diedrich 2011; Aramayo et al. 2015). During the early
Miocene, there was no large-sized Ursidae present in Europe (see
McLellan and Reiner 1994; Jiangzuo and Flynn 2020). Thus, this
group can probably be excluded as a trackmaker for the P. maxima
footprints. The most common Early and Middle Miocene bears are
usually classified as Hemicyoninae. However, the small-sized (the
Early Miocene forms were approximately raccoon-sized) and digi-
tigrade gait, along with the elongated limbs of these animals, is not
compatible with the tracks from Ipolytarnéc (Frick 1926; McLellan
and Reiner 1994; Ginsburg and Morales 1998; Jiangzuo and Flynn
2020). Evidence of Ursavus (e.g. U. brevirhinus; U. elemensis)
already appears in the Early Miocene (Burdigalian) but their size
was no larger than that of a wolf (McLellan and Reiner 1994;
Jiangzuo and Flynn 2020). Therefore, their footprints would be

much smaller than the P. maxima traces of the Ipolytarnéc locality.
The genus Indarctos comprises extinct bears of moderate and large
size with plantigrade limbs, but their appearance may have been
later (Middle to Late Miocene) than the suggested date (Early
Miocene) of the formation of the Ipolytarndc traces (see Petter
and Thomas 1986; McLellan and Reiner 1994; Baryshnikov 2002;
Viranta 2004).

This study agrees with the former suggestion (i.e. in agreement
with Abel 1935; Thenius 1948), and also accepts that the most likely
trackmaker for the P. maxima footprints is a large-sized
Amphicyonidae. The species diversity of the family of
Amphicyonidae was reduced in the Miocene, but it still formed
a vital part of the carnivore guilds of that period (Viranta 1996).
Unfortunately, many of the European specimens are known only
from dental material; thus, reconstruction of the mode of locomo-
tion is frequently problematic. However, there are a few postcranial
skeletal parts of amhicyonids, and the palaeobiological studies of
which provide important information about the stance and gait of
amhicyonid species. Such studies have greatly increased our current
knowledge of the locomotion mode of this animal (e.g. Olsen 1958;
1960; Ginsburg 1961; Kurtén 1976; Viranta 1996; Argot 2010 and
references therein).

The Amphicyonidae origin of the P. maxima footprints is based
on the following anatomical evidence which features characteristics
to the majority of Miocene Amphicyonidae species: 1) the ungual
phalanges are similar to those of bears (see Olsen 1960); 2) the body
was long, and the limbs short and stout (Ginsburg 1961); 3) the
manus and the pes were pentadactyl (Viranta 2004; Argot 2010); 4)
the stance was plantigrade (Viranta 2004; Argot 2010); 5) they have
short phalanges; 6) the body size varies significantly, but larger
Miocene forms (such as Amphicyon major) were accomplished
predators reaching the size of the existing American grizzly bear
(Ursus arctos) (Ginsburg 1961; Kurtén 1976; Viranta 2004). Based
on these listed features, it can be assumed that Amphicyonid carni-
vores could have left similar footprints as those of the ichnospecies
P. maxima. The Amphicyon major seems the best candidate as the
maker of the P. maxima traces because the body size of this species
is roughly compatible with the size of the Ipolytarnéc footprints
(Viranta 1996; Argot 2010). Furthermore, this species was probably
present in the Carpathian Basin at the time of the formation of the
Ipolytarnoc traces (e.g. Sabol 2000).

Studies into the possible trackmaker of the C. nogradensis foot-
prints are not particularly extensive in scope, and only two hypoth-
eses have been put forward as to the origin of these traces. Tasnadi
Kubacska (1976) mentioned that these footprints might have
belonged to an amphicyonid carnivore. However, the anatomical
features (e.g. short phalanges) and ichnotaxonomic ones (e.g. bear-
like footprint-type) discussed for the P. maxima footprints suggest
that a possible amphicyonid origin of the C. nogradensis footprints
can with high probability be excluded. A long-standing notion is
that the C. nogradensis footprints may have been made by
a nimravid (i.e. a family of sabre-tooth predators). This theory
often appears in museum information materials and scientific pub-
lications (Kordos et al. 2021). However, the nimravid origin can
almost certainly be excluded since all sabre-tooth predators had
fully retractile claws (Gonyea 1976; Bryant 1991; Sarjeant and
Langston 1994; Christiansen and Adolfssen 2007; Wroe et al.
2008). However, in the case of the C. nogradensis footprints, the
claw imprints are markedly present regardless of substratum moist-
ure content (Figures 6 and 7).

It would seem more feasible that a medium- to large-size
Mustelidae is a possible candidate for the trackmaker of the
C. nogradensis footprints because the size and morphology of
these traces exhibit strong affinities with modern mustelid



footprints, in particular with the footprints of wolverines (e.g.
Gulo gulo; see Olsen 2013). Moreover, the morphology of the
C. nogradensis ichnospecies exhibits similarities with the Late
Eocene Phacelopus therates (see above). This ichnospecies was
also interpreted as having a footprint type of a mustelid-like
carnivore (Sarjeant and Langston 1994). Remeika (2001) suggests
that the asymmetric placement of digits and the inward rotation of
the digital imprints are diagnostic characteristics of the carnivoran
family Mustelidae. The inward rotation of the digital imprints can
be clearly seen in the case of the C. nogradensis footprints.
Moreover, the placement of digital imprints is also asymmetric
because the orientation of the digital imprints varies considerably
between the outer and inner digits; thus, all these features point to
a Mustelidae origin (see also Sarjeant and Langston 1994; Remeika
2001). If a mustelid origin is accepted for the C. nogradensis
footprints, then the wolverine-sized mustelid Ischyrictis could be
a potential candidate. This genus is known from several middle to
late Miocene European localities ranging from 18.5 to 8.0 Ma, and
it is recognised as a terrestrial predator that foraged mostly on the
ground (Salesa et al. 2020 and references therein). Unfortunately,
most of the Ischyrictis material is represented by cranial and dental
remains and thus their locomotor adaptations and ecological role
are still basically unknown (Salesa et al. 2020). Another large
European mustelid is the Hoplictis, known from 17 to 11 Ma
(Valenciano et al. 2019; Salesa et al. 2020). The earliest specimens
of Hoplictis appeared in Western and Central Europe during the
late early Miocene (Mayet 1908; Valenciano et al. 2019), so this
group could also be considered as a conceivable contender as
a trackmaker for the C. nogradensis footprint. However, the post-
cranial remains of Hoplictis are unknown and thus, with our
present knowledge, the assignment of this genus to
C. nogradensis cannot be verified. During the late Miocene,
many large mustelids are known to have roamed Europe including
Mellalictis, Ekorus and Eomellivora (see Ginsburg 1977; Tseng
et al. 2009; Salesa et al. 2020 and references therein). However,
apart from the almost complete skeleton of Ekorus ekakeran
(Lothagam, Kenya), postcranial skeletons of these genera are
very rare and little is known about them. Eomellivora was
a giant mustelid in the late Miocene of Europe, and remains of
this species are known from the Carpathian Basin as well (Kretzoi
1942; Valenciano et al. 2015). Given this fact, the early relatives of
this animal may also be possible trackmakers of the C. nogradensis
footprints.

Summarising the above-mentioned details, it can be said that
despite earlier suppositions, a nimravid origin for the
C. nogradensis footprints can be excluded. This is because the
claw imprints are always clearly visible, while the sabre-tooth pre-
dators had fully retractile claws. Given the evidence available so far,
the present authors would prefer a mustelid origin for this ichnos-
pecies. This is based primarily on the fact that the morphology of
these footprints does suggest this group, although the available
skeletal materials do not provide sufficient biodata for a more pre-
cise identification.

Conclusion

Ipolytarnéc is the most diverse Early Miocene trackway site in
Europe, from where more than two thousand footprints belonging
to at least eleven ichnospecies have been discovered during the last
120 years. Detailed 3D data presentation and ichnotaxonomical
analyses of two plantigrade, pentadactyl carnivore footprint types
(Platykopus maxima and Carnivoripeda nogradensis) were per-
formed with the aim of contributing to a deeper understanding of
the taxonomic affiliation of these tracks.
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3D documentation of footprints is now an indispensable part of
international ichnotaxonomic research, as it is the only way to
guarantee comparison with other footprints and to preserve foot-
print sequences for future research. We are the first to present 3D
models from the footprints of the Ipolytarndc locality. These images
have greatly contributed to the morphological comparison and
taxonomic identification of the footprints studied here.

Due to the 3D documentation, the largest pentadactyl carnivore
track previously defined as Bestiopeda maxima by Kordos (1985) was
reclassified under the Platykopus ichnogenus. This is because the
Bestiopeda ichnogenus was originally applied to tetradactyl and not
pentadactyl footprints. Considering the nomenclature problems of
the Bestiopeda ichnogenus, the present study now classifies these
footprints under Platykopus because all the morphological features
mentioned in the diagnosis of the Platykopus ichnogenus can be
recognised on the Ipolytarnoc traces. Furthermore, only one isolated
footprint was previously known which belonged to this ichnospecies.
However, during this study, additional footprints and several track-
ways were determined as P. maxima ichnospecies, and this greatly
complements the morphological markers of the footprints belonging
to this ichnospecies. P. maxima footprints are considered to represent
the footprints of large-sized Amphicyonidae.

The other pentadactyl ichnospecies from Ipolytarnéc is known as
Carnivoripeda nogradensis. A detailed ichnotaxonomical investigation
was conducted on these traces and this contributed to a better recogni-
tion of the morphological characteristics of this ichnospecies. During
this study, 3D models were taken from the holotype and another
trackway, thus representing the first high-resolution images of this
ichnospecies. In contrast to the previously suggested Nimravidae ori-
gin, the new morphological characters suggested here that the
C. nogradensis footprints belong to a mustelid-like carnivore.

This study represents only a first step in the 3D digitalisation and
ichnotaxonomical revision of the Ipolytarndc track site and it will be
followed by further papers describing and presenting other footprint
types from this famous locality.
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