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ABSTRACT
Diadectomorpha was a clade of large-bodied stem-amniotes or possibly
early-diverging synapsids that established a successful dynasty of late Carboniferous
to late Permian high-fiber herbivores. Aside from their fairly rich record of body
fossils, diadectomorphs are also well-known from widely distributed tracks and
trackways referred to as Ichniotherium. Here, we provide detailed description of a
diadectomorph trackway and a manus-pes couple originating from two different
horizons in the Asselian (lowermost Permian) of the Boskovice Basin in the Czech
Republic. The specimens represent two distinct ichnotaxa of Ichniotherium, I. cottae
and I. sphaerodactylum. Intriguingly, the I. cottae trackway described herein
illustrates a ‘transitional’ stage in the posture evolution of diadectomorphs, showing
track morphologies possibly attributable to a Diadectes-like taxon combined with
distances between the successive manus and pes imprints similar to those observable
in earlier-diverging diadectomorphs, such as Orobates. In addition, this trackway is
composed of 14 tracks, including six well-preserved manus-pes couples, and thus
represents the most complete record of Ichniotherium cottae described to date from
the Asselian strata. In turn, the manus-pes couple, attributed here to
I. sphaerodactylum, represents only the second record of this ichnotaxon from the
European part of Pangea. Our study adds to the diversity of the ichnological record of
Permian tetrapods in the Boskovice Basin which had been essentially unexplored
until very recently.
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INTRODUCTION
Diadectomorpha was a widely distributed clade of large-bodied stem-amniotes (e.g.,
Panchen & Smithson, 1988; Laurin & Reisz, 1997, 1999; Pardo et al., 2017; Ford & Benson,
2020; Brocklehurst, Ford & Benson, 2022) or perhaps early-diverging synapsids (Berman,
2000, 2013; Klembara et al., 2019; Klembara et al., 2021; Clack, Smithson & Ruta, 2022; see
also the phylogenetic assessment of Marjanović & Laurin (2019)) that originated in the
Carboniferous (see, e.g., Voigt & Ganzelewski, 2010), flourished in late Pennsylvanian and
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Cisuralian (late Carboniferous and early Permian; e.g., Berman & Sumida, 1990; Berman,
Sumida & Lombard, 1992; Berman, Sumida & Martens, 1998; Berman et al., 2004), and
died out in or shortly after the Wuchiapingian (late Permian; Liu & Bever, 2015). Owing to
their phylogenetic placement and recognition as one of the earliest tetrapod lineages to
evolve high-fiber herbivory (e.g., Beerbower, Olson & Hotton, 1992; Hotton, Olson &
Beerbower, 1997; Sues, 2000), diadectomorphs are significant contributors to our
understanding of the amniote origins and the structure of land ecosystems in the late
Paleozoic.

Asides from their fairly abundant body-fossil record, diadectomorphs are also
well-known from their fossil tracks and trackways. Three distinct ichnotaxa associated
with diadectomorph trackmakers are currently distinguished: Ichniotherium praesidentis,
Ichniotherium sphaerodactylum, and Ichniotherium cottae. Among these, I. praesidentis is
the oldest and rarest morphotype, being only known from the Westphalian A (Moscovian,
mid-Pennsylvanian) of the Bochum Formation, Germany (Voigt & Ganzelewski, 2010); I.
sphaerodactylum has been reported from the Gzhelian (uppermost Carboniferous) to
Artinskian (lower Permian) of Arizona (Francischini et al., 2019), Canada (Brink,
Hawthorn & Evans, 2012), Germany (Voigt, Berman & Henrici, 2007; Voigt & Haubold,
2000;Marchetti, Voigt & Santi, 2018; Calábková, Ekrt & Voigt, 2023), and Morocco (Voigt
et al., 2011); and I. cottae, the most common and abundant of the ichnotaxa, is known
from the Moscovian (upper Carboniferous) to Artinskian of the Czech Republic (von
Hochstetter, 1868; Frič, 1887; Calábková & Nosek, 2022), France (Mujal & Marchetti,
2020), Germany (Voigt & Haubold, 2000; Voigt, 2005), Great Britain (Haubold & Sarjeant,
1974), Morocco (Lagnaoui et al., 2018), Poland (Voigt et al., 2012), and Colorado (Voigt,
Small & Sanders, 2005), New Mexico (Voigt & Lucas, 2015), and Ohio (Baird, 1952) in the
United States.

Here, we describe a trackway and a manus-pes couple representing two diadectomorph
ichnotaxa, I. cottae and I. sphaerodactylum, respectively. No body-fossil remains of
diadectomorphs have been discovered in the Czech Republic so far. However, the presence
of tracks ascribed to I. cottae has previously been mentioned to derive from two units in the
Czech Republic, including the Boskovice Basin (von Hochstetter, 1868; Calábková & Nosek,
2022) and the Krkonoše Piedmont Basin (Frič, 1887). Nevertheless, these reports were brief
and did not assess the material in detail. In turn, I. sphaerodactylum has not been described
from the Czech Republic before and, in fact, represents only the second record of this
ichnotaxon from the European part of Pangea, the first being from Germany (Voigt,
Berman & Henrici, 2007).

The material described herein originates from two localities, Čebín and Zbýšov, situated
at different horizons in the Asselian (lowermost Permian) of the Boskovice Basin. From
the viewpoint of tetrapod fossil record, the lowermost Permian strata of the Boskovice
Basin have long been renowned for materials of taxa inhabiting aquatic environment,
including extraordinarily abundant specimens of discosauriscid seymouriamorphs (e.g.,
Špinar, 1952; Klembara, 1995, 2005, 2016) and rare temnospondyls (Augusta, 1947;Milner,
Klembara & Dostál, 2007; Klembara & Steyer, 2012; Werneburg et al., 2023). However,
recent fieldwork conducted in the basinal strata at several localities provided diverse
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assemblages of tetrapod footprints which fundamentally enriches our knowledge of the
tetrapod biodiversity in the Permian terrestrial settings in this area, revealing the presence
of large-bodied seymouriamorphs (Calábková, Březina & Madzia, 2022), early-diverging
synapsids (Calábková et al., 2023), and now two distinct diadectomorphs.

We provide detailed description of the Ichniotherium material from the lowermost
Permian of the Boskovice Basin, illustrate it through image-based modeling, and assess its
potential trackmakers’ affinities using multivariate analyses.

Geological setting
The Boskovice Basin represents a NNE–SSW-oriented half-graben situated in the eastern
margin of the Bohemian Massif that is about 100 km long and 3–10 km wide. The basin
was part of the Variscan orogenic belt in the equatorial Pangea. Sedimentation started in
the southern part of the basin during the Gzhelian (latest Carboniferous) and continued
uninterrupted towards to north through the early Permian (Jaroš, 1963; Jaroš & Malý,
2001; Pešek, 2004). The marginal facies are composed of the Balinka conglomerates in the
west and the Rokytná conglomerates in the east that are interpreted as residues of an
alluvial fan system that prograded towards the basin, diachronously with the
sedimentation of all formations (e.g., Jaroš, 1962; Houzar et al., 2017). The intrabasinal
sedimentary complex is composed of cyclically arranged fluvial to fluvio-lacustrine clastic
deposits, mostly red-colored, with the co-occurrence of grey-colored units indicating
short-term semi-humid oscillations. The grey clastics are mostly represented by lacustrine
horizons bearing a rich fossil record (Jaroš, 1963; Pešek, 2004; Opluštil et al., 2017).
The cumulative thickness of the deposits is estimated to have been up to 5–6 km thick
(Jaroš, 1963; Jaroš & Malý, 2001; Pešek, 2004), whereas seismic data indicate around 3 km
(Dopita, Havlena & Pešek, 1985).

The depocenter of the basin is divided into southern and northern sub-basins, separated
by the Tišnov-Kuřim Elevation; Rosice Oslavany Sub-basin on the southern part and
Letovice Sub-basin on the northern part (Havlena, 1964; Jaroš &Malý, 2001; Pešek, 2004).
The older Rosice-Oslavany sub-basin is divided into the Rosice-Oslavany and Padochov
formations and the younger Letovice sub-basin comprises the Veverská Bítýška and
Letovice formations (Jaroš & Malý, 2001; Pešek, 2004).

The specimen MZM Ge33302 is preserved in fine-grained sandy floodplain deposits
discovered at Zbýšov, which is situated within sandstone beds between the Zbýšov and
Říčany horizons in the middle part of the upper section of the Padochov Formation
(Asselian) (Jaroš & Malý, 2001). The specimen PM PAL113, preserved in fine-grained
sandy floodplain deposits, originates from Čebín, a locality that is situated within red
clastic sediments deposited approximately at the level of the Chudčice Horizon in the
uppermost part of the Veverská Bítýška Formation (Asselian) (Jaroš &Malý, 2001) on the
very border with the Letovice Formation (Fig. 1).

The faunal components of the Padochov Formation consist of bivalves, clam shrimps
(‘conchostracans’), insects, acanthodians, xenacanthids, branchiosaurids, indeterminate,
very rare finds of discosauriscids, and tetrapod fossil tracks (e.g., Kukalová, 1959, 1965;
Schneider, 1984; Ivanov, 2003; Milner, Klembara & Dostál, 2007; Štamberg & Zajíc, 2008;
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Schneider & Werneburg, 2012; Štamberg, 2014; Calábková, Březina & Madzia, 2022;
Calábková et al., 2023). No fossil fauna has been recorded from the Veverská Bítýška
Formation. The diadectomorph footprints from Čebín, therefore, provide the first
evidence of the presence of faunal components in this formation. The fauna of the Letovice
Formation contains bivalves, clam shrimps (‘conchostracans’), insects, acanthodians,
actinopterygians, temnospondyls, discosauriscids and tetrapod fossil tracks (e.g.,
Kukalová, 1963, 1964; Schneider, 1980, 1984; Klembara, 1997, 2005, 2009; Schneider &
Werneburg, 2006, 2012; Štamberg, 2007, 2014; Klembara & Steyer, 2012; Klembara &
Mikudíková, 2018;Werneburg et al., 2023; Calábková, Březina & Madzia, 2022; Calábková
et al., 2023).

Figure 1 Location of the studied area with a lithostratigraphic scheme. Horizons: He, Helmhacker; Z, Zbýšov; Ř, Říčany; Ch, Chudčice; Zb,
Zbraslavec; ZS, Zboněk-Svitávka; Lu, Lubě; Ko, Kochov; Mí, Míchov; Ba, Bačov; Su, Sudice. Lithostratigraphy follows Jaroš & Malý (2001), Pešek
(2004), and Zajíc & Štamberg (2004). Chronostratigraphy follows Štamberg (2014) and J. Jirásek, 2021, personal communication. Figure is mod-
ified from Calábková et al. (2023). Full-size DOI: 10.7717/peerj.16603/fig-1
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MATERIALS AND METHODS
Material
This study is based on two specimens: PM PAL113 (Figs. 2A–2E), housed at the collections
of the Podhorácké Museum in Předklášteří, Czech Republic, and MZM Ge33302 (Figs.
3A–3C), deposited in the Moravian Museum in Brno, Czech Republic. The specimen PM
PAL113 comprises a trackway of Ichniotherium cottae bearing 14 tracks crossed by
desiccation cracks. In turn, the specimen MZM Ge33302 comprises a manus-pes couple
attributable to Ichniotherium sphaerodactylum.

PM PAL113 has been part of the paleontological collections of the Podhorácké Museum
in Předklášteří since the first half of the 20th century (Šmarda, 1931); MZM Ge33302 was
found by TomášViktorýn during fieldwork conducted in 2022. Both samples are preserved
as convex hyporelief.

Anatomical terminology and measurements
The anatomical terminology and protocol for obtaining measurements follow those of
Leonardi (1987) and Buchwitz & Voigt (2018). Measurements were obtained using a digital
caliper and ImageJ. The track and trackway measurements of PM PAL113 were calculated
omitting the desiccation cracks to avoid distortion of the track and trackway parameters.

Multivariate analyses
In order to reconstruct the morphospace occupation of PM PAL113 among
diadectomorph trackways we utilized the parameters published by Buchwitz et al. (2021;
Supplementary Table 2), Buchwitz & Voigt (2018; average values from measured step
cycles of specimen Kletno No.1 and Marieta_NA; supplementary 3 and 4), and Mujal &
Marchetti (2020; average values of trackway 1 of MNHN-LOD 83; table 1 and 2), added
data obtained from PM PAL113, and performed a principal component analysis (PCA)
using PAST 4.12b (Hammer, Harper & Ryan, 2001). Prior to the analysis, all raw
continuous variables were z-transformed. The original values and z-scores, and the
extended results of the PCA, are provided in Material SI. A .dat file, executable in PAST, is
provided in Material SII. The same .dat file was used to construct box plots with selected
values.

Image-based modeling
Our protocol for three-dimensional (3D) modeling follows Porter, Roussel & Soressi
(2016). In order to fully cover the surface of the samples, we obtained 100 images of each
specimen, PM PAL113 and MZM Ge33302, in two elevation positions. The photos were
taken using a full frame camera Nikon D750 (lens Tamron 24–75 mm, F2.8). The images
were subsequently processed to reconstruct 3D photogrammetric models using the
software Agisoft Metashape PRO 1.8. The procedure was complemented with scans using
the geo-referenced marker grid matrix. This approach results in a greater precision than
geo-referencing of models through one or more scale bars. The models have been
reconstructed in the highest possible quality (3.5 million polygons), and visualized and
interpreted through CloudCompare 2.10 and Blender 3.0.

Calábková et al. (2023), PeerJ, DOI 10.7717/peerj.16603 5/21

http://dx.doi.org/10.7717/peerj.16603/supp-1
http://dx.doi.org/10.7717/peerj.16603/supp-2
http://dx.doi.org/10.7717/peerj.16603
https://peerj.com/


The meshes obtained from physical samples using the Structure from Motion method
are available through the MorphoSource data archive: https://www.morphosource.org/
projects/000546695.

RESULTS
Systematic paleoichnology
Ichniotherium Pohlig, 1892
Ichniotherium cottae (Pohlig, 1885)

Material. PM PAL113, a trackway composed of 14 tracks and including six manus-pes
couples (Figs. 2A–2E).

Figure 2 Trackway of Ichniotherium cottae, PM PAL113, convex hyporelief. Image‐based modeling of
whole slab (A). The black dashed line depicted the trackway (B) and outline drawing (C). The blue and
green dashed lines show the manus-pes couples (D, E). Full-size DOI: 10.7717/peerj.16603/fig-2
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Locality and horizon. Čebín, South Moravian Region, Czech Republic; most likely
uppermost part of the Veverská Bítýška Formation (Fig. 1), Asselian, lowermost Permian,
Boskovice Basin.

Description and comparisons
The manus and pes imprints are plantigrade and pentadactyl. The pes imprints (104.6 mm
long) are larger than the manus imprints (76.08 mm long; Material SI). The pes imprints
are as wide as long, whereas the manus imprint is slightly wider than long. The pedal digit
imprints are rather straight, and the manual digits II–IV are often slightly bent inwardly.
The digit imprints show typical rounded “drumstick-like” terminations. Flexion creases
are often visible on the impressions of the digits. In both, the manus and pes imprints, the
digit lengths increase from digit I to IV, and the digits V are slightly shorter or the same
sized as digits II. The pV/pIV ratio is 0.60 in average. The palm and sole impressions are
wider than long and form elliptical to subcircular shapes. The palm impression lies mostly
opposite to digits II–III in the manus, whereas the sole impression usually lies opposite to
digits II–IV. The tracks show the medial-median functional prevalence. The trackway
shows an alternating arrangement of successive manus and pes imprints. The overstepping
does not occur. The particular trackway measurements (in average values) include: parallel
to slightly outward rotation of the pedal imprints (−2.1�) and parallel or slightly inward
rotation of the manual imprints (5�), manual pace angulations is 83.5�, pedal pace
angulation is 87.4�, pedal stride length/pes length is 3.06, pedal gauge width/pes length is
1.49, pedal pace length/pes length is 2.15, manus-pes distance/pes length ratio is 1.27
(Material SI). All footprints are crossed by desiccation cracks formed after tracks
registration.

Figure 3 Manus-pes couple of Ichniotherium sphaerodactylum, MZM Ge33302, convex hyporelief.
Photo (A), image‐based modeling (B), and outline drawing (C).

Full-size DOI: 10.7717/peerj.16603/fig-3
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Remarks
The specimen PM PAL113 shows all diagnostic features of I. cottae, such as relatively short
pedal digit V with pV/pIV ratio = 0.60 (in average value), and the palm and the sole
impressions forming elliptical to subcircular shapes. The ichnospecies Ichniotherium
praesidentis differs from PM PAL113 because of a longer pedal digit V impression
corresponding to the length of the pedal digit III impression, a prominent manual basal
pad I impression, an inversed alternation of the pattern of manus-pes couples, a more
acute pace angulation, a lower stride length/pes length ratio, and a strong outward rotation
of the pes imprints (Fig. 4A; Material SI). The ichnospecies Ichniotherium
sphaerodactylum differs from PM PAL113 in a distinctly longer pedal digit V impressions
which are subequal to or even longer than the length of pedal digit III impression (pV/pIV

Figure 4 Schematic trackway pattern of Ichniotherium praesidentis, Ichniotherium sphaerodactylum
and Ichniotherium cottae. Schematic trackway pattern of Ichniotherium praesidentis (A), Ichniotherium
sphaerodactylum (B) and various morphotypes of Ichniotherium cottae; “Hainesi-Willsi type” (C, D),
“Gottlob-Birkheide type” (E, F), “Bromacker type” (G), and PM PAL113 (H). Illustrations of individual
patterns follow Voigt & Ganzelewski (2010) and Buchwitz & Voigt (2018).

Full-size DOI: 10.7717/peerj.16603/fig-4

Calábková et al. (2023), PeerJ, DOI 10.7717/peerj.16603 8/21

http://dx.doi.org/10.7717/peerj.16603/supp-1
http://dx.doi.org/10.7717/peerj.16603/fig-4
http://dx.doi.org/10.7717/peerj.16603
https://peerj.com/


> 0.60), the palm impressions are usually not clearly delimited, the sole impressions are
often wider and lie opposite to digits II–V. Furthermore, the trackway pattern of
I. sphaerodactylum usually shows a lower stride length/pes length ratio and a more acute
pace angulation (Fig. 4B; Material SI). Other early Permian ichnotaxa reaching size similar
to that of Ichniotherium include Dimetropus and Limnopus. Dimetropus can be clearly
distinguished from PM PAL113 based on its typical proximodistally extended palm/sole
impressions, deeply impressed metapodial-phalangeal pads, and relatively short and
straight digit imprints with deeply impressed clawed terminations. In turn, Limnopus
differs from PM PAL113 in having a tetradactyl manus imprint with short, deeply
impressed digits which are often not separated from the palm impression (see, e.g., Voigt,
2005).

Ichniotherium sphaerodactylum (Pabst, 1895)

Material. MZM Ge33302, a manus-pes couple (Figs. 3A–3C).

Locality and horizon. Zbýšov, South Moravian Region, Czech Republic; upper section of
the Padochov Formation (Fig. 1), Asselian, lowermost Permian, Boskovice Basin.

Description and comparisons
The manus and pes imprints are plantigrade and pentadactyl. The pes imprints are larger
(121.5 mm long; Material SIII) than the manus imprints (93.5 mm long). The manus and
the pes imprints are wider than long, while the pes imprints are only slightly wider.
The pedal digits I–III are straight, whereas distal portions of the pedal digits IV–V are bent
outwardly. The manual digits II–III are bent inwardly. The digits show typical rounded
“drumstick-like” terminations. The digit length increases from digit I to IV, the pedal digit
V is approximately as long as the pedal digit III. The manual digit V is poorly preserved or
not preserved at all. The pV/pIV ratio is 0.88. The palm and the sole impressions are broad
and elliptical in shape. The tracks show the medial-median functional prevalence.

Remarks
Although the shape of the sole impression MZM Ge33302 is less mediolaterally expanded,
the significantly long pedal digit V with the pV/pIV ratio of 0.88, the medial-median
functional prevalence of the pes imprint, and the less delimited broad palm impression
support the assignment of the MZM Ge33302 to I. sphaerodactylum. The ichnotaxon
Ichniotherium praesidentis differs from MZM Ge33302 based on the presence of a
prominent manual basal pad I impression, an inversed alternation of the pattern of
manus-pes couples, a strongly outward rotation of the pes imprints, a lower stride length/
pes length ratio, and a more acute pace angulation (Fig. 4A; Material SI). In turn,
Ichniotherium cottae differs from MZM Ge33302 in having a substantially shorter pedal
digit V impressions (pV/pIV ≤ 0.60), less extensive well-defined sole/palm impressions
that are often clearly separated from the digit imprints, and usually higher stride length/pes
length ratio and more obtuse pace angulation (Figs. 4C–4F; Material SI).
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Results of the principal component analysis and box plots
The results of the principal component analysis (PCA) show broadly overlapping
morphospace occupation of trackways assigned to I. cottae and I. sphaerodactylum that are
concentrated near the centre of the biplots and widely separated from a trackway assigned

Figure 5 Results of the principal component analysis (PCA). The morphospace occupation of Ichniotherium trackways (A, C) and the minimum
spanning tree (B, D) along PC 1 vs PC2 (A, B) and along PC1 vs PC3 (C, D). The analysis was performed using z-transformed values of Sp, Sm, Pp,
Pm, Dpm, Gp, Gm, GAD, Pap, Pam, Oap, Oam, pI–pV (five values), mI–mV (five values), pL, mL, Sp/pL, Pp/pL, Gp/pL, (Gp-Gm)/pL, GAD/pL,
Dpm/pL, and Oam-Oap (Material SI; see the main text for abbreviations). Full-size DOI: 10.7717/peerj.16603/fig-5
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to I. praesidentis, which reflects the unique morphology and pattern of that ichnotaxon
(Voigt & Ganzelewski, 2010).

In the biplots illustrating the highest percentage of variance (PC1 vs PC2 up to PC1 vs
PC 5; PC1 (52.7%), PC2 (14.1%), PC3 (9.1%), PC4 (6.6%), and PC5 (4.4%)), PM PAL113 is
placed near the center of the plots; on the negative sides of the axes and near or at the
overlap of the I. sphaerodactylum morphospace and I. cottae from the “Gottlob-Birkeide
type” (Fig. 5; Material SI). The minimum spanning tree additionally shows that PM
PAL113 connects with I. sphaerodactylum specimens. For detailed values behind the plots
and extended results of the PCA, see Material SI.

Comparisons of ranges of z-transformed values of selected parameters measured for
tracks and trackways described as I. cottae and I. sphaerodactylum with those obtained
from PM PAL113 further show that the values of these two ichnotaxa often overlap (Figs.
6A–6K). Nevertheless, a distinct variation can be observed in the distance between
successive pes and manus imprints (Dpm) and Dpm/pes length ratio, pedal pace

Figure 6 Box plots. Box plots showing comparisons of ranges of z-transformed values (prefix ‘z’) of selected parameters measured for tracks and
trackways of I. cottae, I. sphaerodactylum, and PM PAL113 (Material SI; see the main text for abbreviations).

Full-size DOI: 10.7717/peerj.16603/fig-6
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angulation (Pap), and pedal stride length(Sp)/pes length ratio. In these three parameters,
PM PAL113 shows values closer to those typically obtained from trackways referred to as
I. sphaeordactylum (Figs. 6B, 6D, 6G, 6H).

DISCUSSION AND CONCLUSION
Trackway pattern and functional implications
Specimen PM PAL113 shows an intriguing combination of features, characterized by
presence of track parameters diagnostic for I. cottae (see above) and a trackway pattern
with a high manus-pes distance/pes length ratio, a lower stride length/pes length ratio, and
a lower manual and pedal pace angulation (Figs. 2, 4H; Material SI). Such features are
typically observable in trackways attributed to I. sphaerodactylum (Figs. 4B; Material SI),
that are usually interpreted to result from a relatively longer and more flexible trunk of the
trackmakers and a more pronounced sprawling posture that allows a shorter stride and
thus a lower maximum speed of walking (see Buchwitz & Voigt, 2018). It is worth noting,
however, that the high degree of sprawling was questioned in the studies by Nyakatura
et al. (2015, 2019) that explored the locomotion, body mass, and joint mobility of Orobates
pabsti (using a 3D skeletal reconstruction and I. sphaerodactylum tracks), concluding that
the Orobates movement was relatively erect, balanced, and mechanically power-saving in
comparison to earlier tetrapods (Nyakatura et al., 2019).

The higher distance between the successive manus and pes imprints has been observed
in several other specimens attributed to I. cottae; these include a specimen from the
Gzhelian (uppermost Carboniferous) of the Pittsburgh Formation, Ohio (see Buchwitz
et al., 2021), included in the “Hainesi-Willsi type” by Buchwitz & Voigt (2018); specimen
from the Asselian–Sakmarian (lower Permian) of the Gottlob and Birkheide locality in
Thuringia, Germany, included in the “Gottlob-Birkheide type” by Buchwitz & Voigt

Figure 7 The autopodia of diadectomorphs. The autopodia of Orobates pabsti (A), Limnoscelis paludis
(B), and Diadectes absitus (C). Illustrations follow Voigt, Berman & Henrici (2007), Kennedy (2010), and
Mujal & Marchetti (2020). Full-size DOI: 10.7717/peerj.16603/fig-7
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(2018); and specimen from the Asselian (lowermost Permian) of the Lunas locality, France
(Mujal & Marchetti, 2020). However, the late Carboniferous “Hainesi-Willsi type” of
I. cottae shows a distinct outward rotation of the pedal imprints (Figs. 4C, 4D) which
occurs also in older Ichniotherium tracks referred to as I. praesidentis (Fig. 4A) that are
Moscovian (middle late Carboniferous) in age (Buchwitz & Voigt, 2018). Thus, it differs
significantly from PM PAL113 as well as the majority of younger Ichniotherium ichnotaxa
(see Figs. 4B, 4E–4H).

A gradual change of the manus and pes imprint orientation in the Ichniotherium
trackways has already been observed by Buchwitz & Voigt (2018) who provided detailed
description of the evolution of diadectomorph locomotion based on the succession of
trackmakers of I. praesidentis, I. sphaerodactylum, and three morphotypes of I. cottae,
which were distinguished by Buchwitz & Voigt (2018); the “Hainesi-Willsi type”
(Moscovian–Gzhelian; upper Carboniferous; Figs. 4C, 4D), the “Birkheide-Gottlob type”
(Asselian–Sakmarian; lower Permian; Figs. 4E, 4F), and the “Bromacker type”
(Sakmarian–Artinskian; lower Permian; Fig. 4G). The appearance of these trackways has
been interpreted to exhibit a tendency towards trunk shortening combined with decreasing
of its flexibility, narrowing of the sprawling posture, and progressively inward orientation
of the manus in the touch-down phase. Such modifications resulted in a higher maximum
speed of walking and a higher efficiency of land movement. The youngest “Bromacker
type” with its typically ‘complete’ overstepping of the manus-pes couples, the most
pronounced inward rotation of the manus and the pes impressions, most obtuse pace
angulation, narrowest gauge, and significantly higher pace and stride lengths (Fig. 4G)
differs from all of older Ichniotherium trackways, including PM PAL113 (Fig. 4H).
The characters observed in the tracks and trackways attributed to I. cottae additionally
indicate that the later phase of the diadectomorph evolutionary history was characterized
by changes in limb posture and joint mobility rather than by significant differences in
trunk proportion (see Buchwitz & Voigt, 2018).

The identity of the trackmaker of PM PAL113
Buchwitz & Voigt (2018) interpreted the morphotypes of I. cottae to have been registered
by later-diverging representatives of Diadectidae, such as Desmatodon, Diasparactus, and
Diadectes. In turn, the nearly complete skeleton of Diadectes absitus found at Bromacker
was used to correlate the taxon with the “Bromacker type” of I. cottae (see Voigt, Berman &
Henrici, 2007). The trackmaker of PM PAL113 shows a slightly outward to
parallel-oriented pedal imprints, parallel to slightly inward-oriented manual imprints,
relatively short length of stride and pace, lower pace angulation but narrower gauge and
short pedal digits V (Material SI; Figs. 2, 4H). These features are closer to those observed in
the “Birkheide-Gottlob type” (Figs. 4E, 4F and 5) which may be associated with Diadectes-
line diadectids (see Buchwitz & Voigt, 2018, fig. 18). However, PM PAL113 has distinctly
less inwardly-rotated manus and pes imprints and higher manus-pes distance/pes length
ratio (Material SI). Such condition is fundamentally distinct from that typically observed in
trackways registered by Diadectes (e.g., the “Bromacker type”; Fig. 4G) and instead
resembles most of the trackways referred to as I. sphaerodactylum (Fig. 4B) which are
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commonly attributed to earlier-diverging diadectids, such as Orobates found at the
Bromacker locality (Voigt, Berman & Henrici, 2007; Buchwitz & Voigt, 2018), or perhaps
early-diverging diadectomorphs in general, such as Limnoscelis, which shares with
Orobates the same phalangeal formula (2-3-4-5-3 for the manus and 2-3-4-5-4 for the pes
(Figs. 7A, 7B)) and differs from Diadectes that shows the same phalangeal formula (2-3-4-
5-3 (Fig. 7C)) in both, the manus and the pes (Voigt, Berman & Henrici, 2007; Kennedy,
2010). These taxa are characterized by a slightly higher number of presacral vertebrae (21
in Diadectes absitus, 23 in Limnoscelis paludis, 26 in Orobates pabsti (Berman & Henrici,
2003; Voigt, Berman & Henrici, 2007; Kennedy, 2010)) and, thus, more elongated trunks.
The combination of features captured in PM PAL113 is also well depicted through the
results of our PCA (PC1 vs PC2 up to PC1 vs PC5) where the specimen fall within the
overlap of the morphospaces occupied by I. cottae and I. sphaerodactylum tracks (Figs. 5,
6). Owing to the fact that the propodial-to-epipodial proportions in Orobates and
Diadectes were nearly identical (see Voigt, Berman & Henrici, 2007), the differences in
diadectomorph trackway pattern might additionally stem, as already mentioned above,
from differing body mass and limb joint mobility which largely determine the mode of
locomotion (see i.e., Nyakatura et al., 2015, 2019) and which were also most likely reflected
in the trackway pattern of the PM PAL113.

The significance of MZM Ge 33302 and the identity of its trackmaker
The manus-pes couple of MZM Ge33302 (Fig. 3) with the relatively longer pedal digit V
(pV/pIV ratio = 0.88) attributed to I. sphaerodactylum represents only the second
specimen of this ichnotaxon from the European part of Pangea. Owing to the morphology
of the tracks, the manus-pes couple has been likely registered by an Orobates-like or
perhaps a Limnoscelis-like taxon. Interestingly, Limnoscelis was also associated with tracks
from the Asselian of the Lunas locality in France that were referred to I. cottae. This
association has been based on a trackway pattern similar to that of the “Hainesi-Willsi
type” or I. praesidentis and a strong medial functionality of the Lunas pes imprints (Mujal
& Marchetti, 2020). The Lunas pes imprints show a high pV/pIV ratio as well. However,
this most likely stemmed from an error in the obtained measurements, caused by poor
preservation of the tracks (E. Mujal, 2023, personal communication).

Although it is impossible to associate a single manus-pes couple with a certain
diadectomorph taxon, especially without any associated skeletal record in the Boskovice
Basin, MZM Ge 33302 has been clearly registered by an earlier-diverging member of the
clade than PM PAL113. Thus, there have been at least two distinct diadectomorphs in the
Asselian (earliest Permian) equatorial ecosystems of what is today the Boskovice Basin in
the Czech Republic.
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MZM Moravian Museum, Brno, Czech Republic

PM Podhorácké Museum, Předklášteří, Czech Republic

OTHER ABBREVIATIONS
Dpm distance between successive pes and manus imprints

GAD glenoacetabular distance

Gm manual gauge width

Gp pedal gauge width

mI–V length of manual digits I–V

mL manus length

mW manus width

Pam pes angulation for the manus imprints

Pap pace angulation for the pes imprints

pI–V length of pedal digits I–V

pL pes length

pW pes width

Pm manual pace length

Pp pedal pace length

Sm manual stride length

Sp pedal stride length

Oam orientation of the manus imprints

Oap orientation of the pes imprints with respect to the direction of movement
(positive values reflect inward rotation, negative values reflect outward
rotation)

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This study was funded through the institutional support of long-term conceptual
development of research institutions provided by the Ministry of Culture of the Czech
Republic (ref. MK000094862) and the project MUNI/A/1261/2022 of the Faculty of
Science at the Masaryk University in Brno, Czech Republic (Martin Ivanov). The funders

Calábková et al. (2023), PeerJ, DOI 10.7717/peerj.16603 15/21

http://dx.doi.org/10.7717/peerj.16603
https://peerj.com/


had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Ministry of Culture of the Czech Republic: MK000094862.
Project MUNI/A/1261/2022 of the Faculty of Science at the Masaryk University in Brno,
Czech Republic (Martin Ivanov).

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Gabriela Calábková conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, and approved the final draft.

� Daniel Madzia conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

� Vojtěch Nosek analyzed the data, authored or reviewed drafts of the article, and
approved the final draft.

� Martin Ivanov analyzed the data, authored or reviewed drafts of the article, and
approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw data is available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.16603#supplemental-information.

REFERENCES
Augusta J. 1947. Spodnopermská zvířena a květena z nového naleziště za pilou dolu “Antonín” u

Zbýšova na Moravě. Věstník Státního geologického Ústavu 22(4):187–224.

Baird D. 1952. Revision of the Pennsylvanian and Permian footprints Limnopus, Allopus and
Baropus. Journal of Paleontology 26:832–840.

Beerbower R, Olson EC, Hotton N. 1992. The early development of tetrapod herbivory. The
Paleontological Society Special Publications 6:21 DOI 10.1017/S2475262200005815.

Berman DS. 2000. Origin and early evolution of the amniote occiput. Journal of Paleontology
74:938–956 DOI 10.1666/0022-3360(2000)0742.0.CO;2.

Berman DS. 2013. Diadectomorphs, amniotes or not? In: Lucas S, DiMichele WA, Barrick JE,
Schneider JW, Spielmann JA, eds. The Carboniferous-Permian Transition. Bulletin of New
Mexico Museum of Natural History & Science 60:22–35.

Calábková et al. (2023), PeerJ, DOI 10.7717/peerj.16603 16/21

http://dx.doi.org/10.7717/peerj.16603#supplemental-information
http://dx.doi.org/10.7717/peerj.16603#supplemental-information
http://dx.doi.org/10.7717/peerj.16603#supplemental-information
http://dx.doi.org/10.1017/S2475262200005815
http://dx.doi.org/10.1666/0022-3360(2000)0742.0.CO;2
http://dx.doi.org/10.7717/peerj.16603
https://peerj.com/


Berman DS, Henrici AC. 2003. Homology of the astragalus and structure and function of the
tarsus of Diadectidae. Journal of Paleontology 77(1):172–188
DOI 10.1666/0022-3360(2003)077<0172:HOTAAS>2.0.CO;2.

Berman DS, Henrici AC, Kissel RA, Sumida SS, Martens T. 2004. A new diadectid
(Diadectomorpha), Orobates pabsti, from the Early Permian of central Germany. Bulletin of
Carnegie Museum of Natural History 35:1–36 DOI 10.2992/0145-9058(2004)35[1:ANDDOP]
2.0.CO;2.

Berman DS, Sumida SS. 1990. A new species of Limnoscelis (Amphibia, Diadectomorpha) from
the late Pennsylvanian Sangre de Cristo Formation of central Colorado. Annals of the Carnegie
Museum 59:303–341 DOI 10.5962/p.240774.

Berman DS, Sumida SS, Lombard RE. 1992. Reinterpretation of the temporal and occipital
regions in Diadectes and the relationships of diadectomorphs. Journal of Paleontology
66:481–499 DOI 10.1017/S0022336000034028.

Berman DS, Sumida SS, Martens T. 1998. Diadectes (Diadectomorpha: Diadectidae) from the
early Permian of central Germany, with description of a new species. Annals of the Carnegie
Museum 67:53–93 DOI 10.5962/p.215205.

Brink K, Hawthorn JR, Evans DC. 2012. New occurrences of Ichniotherium and Striatichnium
from the Lower Permian Kildare Capes Formation, Prince Edward Island, Canada:
palaeoenvironmental and biostratigraphic implications. Palaeontology 55(5):1075–1090
DOI 10.1111/j.1475-4983.2012.01178.x.

Brocklehurst N, Ford DP, Benson RBJ. 2022. Early origins of divergent patterns of morphological
evolution on the mammal and reptile stem-lineages. Systematic Biology 71(5):1195–1209
DOI 10.1093/sysbio/syac020.

Buchwitz M, Jansen M, Renaudie J, Marchetti L, Voigt S. 2021. Evolutionary change in
locomotion close to the origin of amniotes inferred from trackway data in an Ancestral State
reconstruction approach. Frontiers in Ecology and Evolution 9:674779
DOI 10.3389/fevo.2021.674779.

Buchwitz M, Voigt S. 2018. On the morphological variability of Ichniotherium tracks and
evolution of locomotion in the sistergroup of amniotes. PeerJ 6(5):e4346
DOI 10.7717/peerj.4346.

Calábková G, Březina J, Madzia D. 2022. Evidence of large terrestrial seymouriamorphs in the
lowermost Permian of the Czech Republic. Papers in Palaeontology 8(2):e1428
DOI 10.1002/spp2.1428.

Calábková G, Březina J, Nosek V, Madzia D. 2023. Synapsid tracks with skin impressions
illuminate the terrestrial tetrapod diversity in the earliest Permian of equatorial Pangea. Scientific
Reports 13(1):1130 DOI 10.1038/s41598-023-27939-z.

Calábková G, Ekrt B, Voigt S. 2023. Early Permian diadectomorph tetrapod footprints from the
Bromacker locality (Thuringia, Germany) in the National Museum Prague. Fossil Imprint
79(1):1–8 DOI 10.37520/fi.2023.001.

Calábková G, Nosek V. 2022. Stopy velkého čtvernožce z permu boskovické brázdy. Sborník
Muzea Brněnska 1:59–68.

Clack JA, Smithson TR, Ruta M. 2022. A Mississippian (early Carboniferous) tetrapod showing
early diversification of the hindlimbs. Communications Biology 5(1):283
DOI 10.1038/s42003-022-03199-x.

Dopita M, Havlena V, Pešek J. 1985. Ložiska fosilních paliv. Vyd. 1. Praha: Nakladatelství
technické literatury.

Calábková et al. (2023), PeerJ, DOI 10.7717/peerj.16603 17/21

http://dx.doi.org/10.1666/0022-3360(2003)077%3C0172:HOTAAS%3E2.0.CO;2
http://dx.doi.org/10.2992/0145-9058(2004)35[1:ANDDOP]2.0.CO;2
http://dx.doi.org/10.2992/0145-9058(2004)35[1:ANDDOP]2.0.CO;2
http://dx.doi.org/10.5962/p.240774
http://dx.doi.org/10.1017/S0022336000034028
http://dx.doi.org/10.5962/p.215205
http://dx.doi.org/10.1111/j.1475-4983.2012.01178.x
http://dx.doi.org/10.1093/sysbio/syac020
http://dx.doi.org/10.3389/fevo.2021.674779
http://dx.doi.org/10.7717/peerj.4346
http://dx.doi.org/10.1002/spp2.1428
http://dx.doi.org/10.1038/s41598-023-27939-z
http://dx.doi.org/10.37520/fi.2023.001
http://dx.doi.org/10.1038/s42003-022-03199-x
http://dx.doi.org/10.7717/peerj.16603
https://peerj.com/


Ford DP, Benson RBJ. 2020. The phylogeny of early amniotes and the affinities of Parareptilia and
Varanopidae. Nature Ecology & Evolution 4(1):57–65 DOI 10.1038/s41559-019-1047-3.

Francischini H, Lucas SG, Voigt S, Marchetti L, Santucci VL, Knight CL, Wood JR, Dentzien-
Dias P, Schultz CL. 2019. On the presence of Ichniotherium in the Coconino Sandstone
(Cisuralian) of the Grand Canyon and remarks on the occupation of deserts by non-amniote
tetrapods. PalZ 94(1):207–225 DOI 10.1007/s12542-019-00450-5.

Frič A. 1887. Obrovské stopy z útvaru permského. Vesmír 16:121–122 Praha.

Hammer Ø, Harper DAT, Ryan PD. 2001. PAST: paleontological Statistics software package for
education and data analysis. Palaeontologia Electronica 4(1):1–9.

Haubold H, Sarjeant WAS. 1974. Fossil vertebrate footprints and the stratigraphical correlation of
the Keele and Enville Beds of the Birmingham region. Proceedings of the Birmingham Natural
History Society 22(4):257–268.

Havlena V. 1964. Geologie uhelných ložisek II. Praha: Nakladatelství Československé Akademie
Věd, 437.

Hotton N, Olson EC, Beerbower R. 1997. Amniote origins and the discovery of herbivory.
In: Sumida S, Martin KLM, eds. Amniote Origins. San Diego and London: Academic Press,
207–264.

Houzar S, Hršelová P, Gilíková H, Buriánek D, Nehyba S. 2017. Přehled historie výzkumů
permokarbonských sedimentů jižní části boskovické brázdy (Část 2. Geologie a petrografie).
Acta Musei Moraviae, Scientiae Geologicae 102:3–65.

Ivanov M. 2003. Přehled historie paleontologického bádání v permokarbonu boskovické brázdy na
Moravě. Acta Musei Moraviae, Scientiae Geologicae 88:3–112.

Jaroš J. 1962. Geologický vývoj a stavba boskovické brázdy. PhD thesis, Charles University, Prague,
Czech Republic.

Jaroš J. 1963. Litostratigrafie permokarbonu Boskovické brázdy. Věstník Ústředního Ústavu
Geologického 38:115–118.

Jaroš J, Malý L. 2001. Boskovická brázda. In: Pešek J, ed. Geologie a ložiska svrchnopaleozoických
limnických pánví České republiky. Brno: Český Geologický Ústav, 208–223.

Kennedy NK. 2010. Redescription of the postcranial skeleton of Limnoscelis paludis Williston
(Diadectomorpha: Limnoscelidae) from the upper Pennsylvanian of El Cobre Canyon, northern
New Mexico. New Mexico Museum of Natural History and Science Bulletin 4:211–220.

Klembara J. 1995. The external gills and ornamentation of the skull roof bones of the Lower
Permian tetrapod Discosauriscus austriacus (Makowsky 1876) with remarks to its ontogeny.
Paläontologische Zeitschrift 69:265–281 DOI 10.1007/BF02985990.

Klembara J. 1997. The cranial anatomy of Discosauriscus Kuhn, a seymouriamorph tetrapod from
the Lower Permian of the Boskovice Furrow (Czech Republic). Philosophical Transactions of the
Royal Society B 352:257–302 DOI 10.1098/rstb.1997.0021.

Klembara J. 2005. A new discosauriscid seymouriamorph tetrapod from the Lower Permian of
Moravia, Czech Republic. Acta Palaeontologica Polonica 50(1):25–48.

Klembara J. 2009. New cranial and dental features of Discosauriscus austriacus
(Seymouriamorpha, Discosauriscidae) and the ontogenetic conditions of Discosauriscus. Special
Papers in Palaeontology 81:61–69 DOI 10.1111/j.1475-4983.2009.00864.x.

Klembara J. 2016. A new find of discosauriscid seymouriamorph from the Lower Permian of
Boskovice Basin in Moravia (the Czech Republic). Fossil Imprint 72(1):117–121
DOI 10.14446/FI.2016.117.

Calábková et al. (2023), PeerJ, DOI 10.7717/peerj.16603 18/21

http://dx.doi.org/10.1038/s41559-019-1047-3
http://dx.doi.org/10.1007/s12542-019-00450-5
http://dx.doi.org/10.1007/BF02985990
http://dx.doi.org/10.1098/rstb.1997.0021
http://dx.doi.org/10.1111/j.1475-4983.2009.00864.x
http://dx.doi.org/10.14446/FI.2016.117
http://dx.doi.org/10.7717/peerj.16603
https://peerj.com/


Klembara J, Hain M, Ruta M, Berman DS, Pierce SE, Henrici AC. 2019. Inner ear morphology of
diadectomorphs and seymouriamorphs (Tetrapoda) uncovered by high-resolution x-ray
microcomputed tomography, and the origin of the amniote crown group. Palaeontology
63(1):131–154 DOI 10.1111/pala.12448.

Klembara J, Mikudíková M. 2018. New cranial material of Discosauriscus pulcherrimus
(Seymouriamorpha, Discosauriscidae) from the Lower Permian of the Boskovice Basin (Czech
Republic). Earth & Environmental Science Transactions of the Royal Society of Edinburgh
109(1–2):225–236 DOI 10.1017/S1755691018000798.

Klembara J, Ruta M, Hain M, Berman DS. 2021. Braincase and inner ear anatomy of the Late
Carboniferous tetrapod Limnoscelis dynatis (Diadectomorpha) revealed by high-resolution X-
ray microcomputed tomography. Frontiers in Ecology and Evolution 9:709766
DOI 10.3389/fevo.2021.709766.

Klembara J, Steyer S. 2012. A new species of Sclerocephalus (Temnospondyli:
Stereospondylomorpha) from the Early Permian of the Boskovice Basin (Czech Republic).
Journal of Paleontology 86(2):302–310 DOI 10.1666/11-051.1.

Kukalová J. 1959. On the Family Blattinopsidae Bolton, 1925 (Insecta, Protorthoptera). Rozpravy
Československé Akademie Věd, Řada Matematických a Přírodních Věd 69:1–27.

Kukalová J. 1963. Permian insects of Moravia. Part I: Miomoptera. Sborník Geologických Věd,
Paleontologie 1:7–52.

Kukalová J. 1964. Permian insects of Moravia. Part II: Liomopteridae. Sborník Geologických Věd,
Paleontologie 3:3–118.

Kukalová J. 1965. Permian Protelytroptera, Coleoptera and Protorthoptera (Insecta) of Moravia.
Sborník Geologických Věd, Paleontologie 6:61–98.

Lagnaoui A, Voigt S, Belahmira A, Saber H, Klein H, Hminna A, Schneider JW. 2018. Late
Carboniferous tetrapod footprints from the Souss Basin, Western High Atlas Mountains,
Morocco. Ichnos 25(2–3):81–93 DOI 10.1080/10420940.2017.1320284.

Laurin M, Reisz RR. 1997. A new perspective on tetrapod phylony. In: Sumida S, Martin KLM,
eds. Amniote Origins. San Diego and London: Academic Press, 9–59.

Laurin M, Reisz RR. 1999. A new study of Solenodonsaurus janenschi, and a reconsideration of
amniote origins and stegocephalian evolution. Canadian Journal of Earth Sciences 36:1239–1255
DOI 10.1139/e99-036.

Leonardi G. 1987. Glossary and manual of tetrapod footprint palaeoichnology. Brasília:
Departamento Nacional de Producao Mineral, 1–117.

Liu J, Bever GS. 2015. The last diadectomorph sheds light on Late Palaeozoic tetrapod
biogeography. Biology Letters 1(5):20150100 DOI 10.1098/rsbl.2015.0100.

Marchetti L, Voigt S, Santi G. 2018. A rare occurrence of Permian tetrapod footprints:
Ichniotherium cottae and Ichniotherium sphaerodactylum on the same stratigraphic surface.
Ichnos 25(2–3):106–118 DOI 10.1080/10420940.2017.1380005.

Marjanović D, Laurin M. 2019. Phylogeny of Paleozoic limbed vertebrates reassessed through
revision and expansion of the largest published relevant data matrix. PeerJ 6(e5565):1–191
DOI 10.7717/peerj.5565.

Milner AW, Klembara J, Dostál O. 2007.A zatrachydid temnospondyl from the Lower Permian of
the Boskovice Furrow in Moravia (Czech Republic). Journal of Vertebrate Paleontology
27(3):711–715 DOI 10.1671/0272-4634(2007)27[711:AZTFTL]2.0.CO;2.

Mujal E, Marchetti L. 2020. Ichniotherium tracks from the Permian of France, and their
implications for understanding the locomotion and palaeobiogeography of large

Calábková et al. (2023), PeerJ, DOI 10.7717/peerj.16603 19/21

http://dx.doi.org/10.1111/pala.12448
http://dx.doi.org/10.1017/S1755691018000798
http://dx.doi.org/10.3389/fevo.2021.709766
http://dx.doi.org/10.1666/11-051.1
http://dx.doi.org/10.1080/10420940.2017.1320284
http://dx.doi.org/10.1139/e99-036
http://dx.doi.org/10.1098/rsbl.2015.0100
http://dx.doi.org/10.1080/10420940.2017.1380005
http://dx.doi.org/10.7717/peerj.5565
http://dx.doi.org/10.1671/0272-4634(2007)27[711:AZTFTL]2.0.CO;2
http://dx.doi.org/10.7717/peerj.16603
https://peerj.com/


diadectomorphs. Palaeogeography, Palaeoclimatology, Palaeoecology 547(5):109698
DOI 10.1016/j.palaeo.2020.109698.

Nyakatura JA, Allen VR, Lauströer J, Andikfar A, Danczak M, Ullrich H-J, Hufenbach W,
Martens T, Fischer MS. 2015. A three-dimensional skeletal reconstruction of the stem amniote
Orobates pabsti (Diadectidae): analyses of body mass, centre of mass position, and joint mobility.
PLOS ONE 10:e0137284 DOI 10.1371/journal.pone.0137284.

Nyakatura JA, Melo K, Horvat T, Karakasiliotis K, Allen VR, Andikfar A, Andrada E, Arnold P,
Lauströer J, Hutchinson JR, Fischer MS, Ijspeert AJ. 2019. Reverse-engineering the
locomotion of a stem amniote. Nature 565(7739):351–355 DOI 10.1038/s41586-018-0851-2.

Opluštil S, Jirásek J, Schmitz M, Matýsek D. 2017. Biotic changes around the radioisotopically
constrained Carboniferous-Permian boundary in the Boskovice Basin (Czech Republic). Bulletin
of Geosciences 92:95–122 DOI 10.3140/bull.geosci.1638.

Panchen A, Smithson TR. 1988. The relationships of the earliest tetrapods. In: Benton MJ, ed. The
Phylogeny and Classification of Tetrapods, Vol. 1: Amphibians, Reptiles, Birds. Systematics
Association Special Volume No. 35A. Oxford: Clarendon Press, 1–32.

Pardo J, Szostakiwskyj M, Ahlberg P, Anderson J. 2017. Hidden morphological diversity among
early tetrapods. Nature 546:642–645 DOI 10.1038/nature22966.

Pešek J. 2004. Late Paleozoic limnic basins and coal deposits of the Czech Republic. Folia Musei
Rerum Naturalium Bohemiae Occidentalis: Geologica et Paleobiologica, 1.

Porter S, Roussel M, Soressi M. 2016. A simple photogrammetry rig for the reliable creation of 3D
artifact models in the field: lithic examples from the early Upper Paleolithic sequence of Les
Cottes (France). Advances in Archaeological Practice 4:71–86.

Schneider JW. 1980. Zur Entomofauna des Jungpalaozoikums der Boskovicer Furche (ČSSR), Teil
1: Mylacridae (Insecta, Blattoidea). Freiberger Forschungshefte C 357:43–55.

Schneider J. 1984. W. Zur Entomofauna des Jungpalaozoikums der Boskovicer Furche (ČSSR),
Teil 2: Phyloblattidae (Insecta, Blattoidea). Freiberger Forschungshefte C 395:19–37.

Schneider JW, Werneburg R. 2006. Insect biostratigraphy of the European late Carboniferous and
early Permian. In: Lucas SG, Cassinis G, Schneider JW, eds. Non-Marine Permian
Biostratigraphy and Biochronology. London: Geological Society of London, Special Publications,
265.

Schneider JW, Werneburg R. 2012. Biostratigraphie des Rotliegend mit Insekten und Amphibien.
In: Lutzner H, Kowalczyk G, eds. Deutsche Stratigraphische Kommission: Stratigraphie von
Deutschland X Rotliegend. Teil I: Innervariscische Becken. Schriftenreihe der Deutschen
Gesellschaft für Geowissenschaften 61:110–142 DOI 10.1127/sdgg/61/2012/110.

Šmarda J. 1931. Podhorácké museum v Tišnově. In: Skutil J, Votava A, eds. Od Horácka k Podyjí.
Vlastivědný Sborník Jihozápadní Moravy 6:333–334. Okresní světové sbory. Tišnov.

Špinar Z. 1952. Revize nĕkterých moravských diskosauriscidů (Labyrinthodontia). Rozpravy
Ústředního Ústavu Geologického 15:1–115.

Štamberg S. 2007. Permo-Carboniferous actinopterygians of the Boskovice Graben. Part 1. In:
Neslovicella, Bourbonnella, Letovichthys. Museum of Eastern Bohemia in Hradec Králové, 155.

Štamberg S. 2014. Fossiliferous Early Permian horizons of the Krkonoše Piedmont Basin and the
Boskovice Graben (Bohemian Massif) in view of the occurrence of actinopterygians.
Paläontologie, Stratigraphie, Fazies (22). Freiberger Forschungshefte, C 548:45–60.

Štamberg S, Zajíc J. 2008. Carboniferous and Permian faunas and their occurrence in the Limnic
Basins of the Czech Republic. Museum of Eastern Bohemia in Hradec Králové, 224.

Calábková et al. (2023), PeerJ, DOI 10.7717/peerj.16603 20/21

http://dx.doi.org/10.1016/j.palaeo.2020.109698
http://dx.doi.org/10.1371/journal.pone.0137284
http://dx.doi.org/10.1038/s41586-018-0851-2
http://dx.doi.org/10.3140/bull.geosci.1638
http://dx.doi.org/10.1038/nature22966
http://dx.doi.org/10.1127/sdgg/61/2012/110
http://dx.doi.org/10.7717/peerj.16603
https://peerj.com/


Sues HD. 2000. Evolution of herbivory in terrestrial vertebrates. Cambridge, UK: Cambridge
University Press.

Voigt S. 2005. Die tetrapodenichnofauna des kontinentalen oberkarbon und perm im thüringer
wald—ichnotaxonomie, paläoökologie und biostratigraphie. Göttingen: Cuvillier Verlag.

Voigt S, Berman DS, Henrici AC. 2007. First well-established track-trackmaker association of
Paleozoic tetrapods based on Ichniotherium trackways and diadectid skeletons from the Lower
Permian of Germany. Journal of Vertebrate Paleontology 27:553–570
DOI 10.1671/0272-4634(2007)27.

Voigt S, Ganzelewski M. 2010. Toward the origin of amniotes: diadectomorph and synapsid
footprints from the early Late Carboniferous of Germany. Acta Palaeontologica Polonica
55(1):57–72 DOI 10.4202/app.2009.0021.

Voigt S, Haubold H. 2000. Analyse zur Variabilität der Tetrapodenfährte Ichniotherium cottae aus
dem Tambacher Sandstein (Rotliegend. U-Perm, Thüringen). Hallesches Jahrbuch für
Geowissenschaften B 22:17–58.

Voigt S, Lucas SG. 2015. Permian tetrapod ichnodiversity of the Prehistoric Trackways National
Monument (south-central New Mexico, USA). New Mexico Museum Natural History and
Science Bulletin 65:153–167.

Voigt S, Niedźwiedzki G, Raczy�nski P, Mastalerz K, Ptaszy�nski T. 2012. Early Permian tetrapod
ichnofauna from the Intra-Sudetic Basin, SW Poland. Palaeogeography, Palaeoclimatology,
Palaeoecology 313–314:173–180 DOI 10.1016/j.palaeo.2011.10.018.

Voigt S, Saber H, Schneider JW, Hmich D, Hminna A. 2011. Late Carboniferous-Early Permian
tetrapod ichnofauna from the Khenifra Basin, Central Morocco. Geobios 44(4):309–407
DOI 10.1016/j.geobios.2010.11.008.

Voigt S, Small B, Sanders F. 2005. A diverse terrestrial ichnofauna from the Maroon formation
(Pennsylvanian-Permian), Colorado: biostratigraphic and paleoecological significance. New
Mexico Museum Natural History and Science Bulletin 30:342–351.

von Hochstetter F. 1868. Saurierfährten im Rotliegenden des Rossitz-Ostrauer Beckens.
Verhandlungen der K.K. Geologischen Reichsanstalt 17:431–432.

Werneburg R, Schneider JW, Štamberg S, Legler B, Schoch RR. 2023. A new amphibamiform
(Temnospondyli: Branchiosauridae) from the lower Permian of the Czech Boskovice Basin.
Journal of Vertebrate Paleontology 42(6):187 DOI 10.1080/02724634.2023.2231994.

Zajíc J, Štamberg S. 2004. Selected important fossiliferous horizons of the Boskovice Basin in the
light of the new zoopaleontological data. Acta Musei Reginaehradecensis A 30:5–15.

Calábková et al. (2023), PeerJ, DOI 10.7717/peerj.16603 21/21

http://dx.doi.org/10.1671/0272-4634(2007)27
http://dx.doi.org/10.4202/app.2009.0021
http://dx.doi.org/10.1016/j.palaeo.2011.10.018
http://dx.doi.org/10.1016/j.geobios.2010.11.008
http://dx.doi.org/10.1080/02724634.2023.2231994
http://dx.doi.org/10.7717/peerj.16603
https://peerj.com/

	Tracking ‘transitional’ diadectomorphs in the earliest Permian of equatorial Pangea
	Introduction
	Materials and Methods
	Results
	Discussion and conclusion
	flink5
	Institutional abbreviations
	Other abbreviations
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


