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Abstract—Historically, footprint-bearing localities in eastern and western North America and southern Thuringia
and northern Bavaria have played pivotal roles in Triassic archosaur footprint research. In a nearly complete
sequence of formations and footprint-horizons in the Moenkopi Group (U.S.A.), Newark Supergroup (U.S.A.
and Canada), and Buntsandstein, Muschelkalk, and Keuper groups (Olenekian to Norian-Rhaetian) of central
Europe, the principal morphs of archosaur footprints are represented by Rotodactylus, Synaptichnium,
Isochirotherium, Brachychirotherium, Chirotherium, Sphingopus, Parachirotherium, Atreipus, and Grallator.
Additionally, the temporal and, in principal, the evolutionary “root” is documented by Protochirotherium from
the early Olenekian of Hessen. Of utmost significance is the evolutionary succession from Chirotherium to
Grallator. Therein, the development of two key features seen in the origin and early evolution of dinosaurs —
tridactyl foot-morphology and the bipedal gait — is documented between the Olenekian and Norian. The strati-
graphic distribution of these forms and their potential for biochronology yields a biochronological sequence we
sketch out as follows: For the Triassic we discriminate six successive biochrons (I-VI). Each biochron is marked by
an index taxon ( in bold), a characteristic footprint assemblage, and its stratigraphic distribution. I. Protochirotherium
(Synaptichnium), Late Induan-Olenekian. II. Chirotherium, Rotodactylus, Isochirotherium, Synaptichnium
(“Brachychirotherium”), Late Olenekian-Anisian. III. Sphingopus—Atreipus—Grallator, Rotodactylus,
Isochirotherium, Synaptichnium (“Brachychirotherium”), Late Anisian-Ladinian. IV. Parachirotherium—Atreipus—
Grallator, Synaptichnium (“Brachychirotherium”), Late Ladinian. V. Atreipus—Grallator, Brachychirotherium,
Carnian-Norian. V1. Grallator—Eubrontes, Brachychirotherium, Norian-Rhaetian.

In addition to their biostratigraphic utility, the succession of ichnotaxa and ichno-assemblages also reflects
evolutionary developments in foot morphology and in the locomotor apparatus of the Archosauria, a progression
thus far incompletely documented by the body fossil record. As a consequence of their limited temporal ranges,
and their intercontinental distributions in large quantities, the principal archosaurian ichnotaxa open up additional

and innovative possibilities for the biochronology of continental sequences.

INTRODUCTION AND BACKGROUND

The scientific history of Triassic tetrapod tracks begins with the
description and binominal naming of the famous footprints and trackways
of Chirotherium barthii and C. sickleri from the Buntsandstein near
Hildburghausen in Thuringia, Germany by Sickler (1834) and Kaup
(1835). These momentous events were followed, beginning in 1836, by
documentation of the extensive discoveries in the “New Red Sandstone”
(now the Newark Supergroup) of Connecticut and Massachusetts by E.
Hitchcock with the descriptions of important ichnotaxa like Eubrontes
and Grallator (Hitchcock, 1845, 1858). The next phase of significance
commenced in the middle of the twentieth century with the study of the
Early-Middle Triassic tetrapod ichnofauna of the Moenkopi Formation
of Arizona by F.E. Peabody. In his pioneering monograph, Peabody
(1948) demonstrated for the first time the intercontinental distribution
of Chirotherium, with identical ichnospecies (C. barthii and C. sickleri
[= C. minus]) present in both the Moenkopi Formation and the Solling
Formation of southern Thuringia. Rotodactylus constitutes another re-
markable tetrapod ichnotaxon from Arizona described by Peabody that
was subsequently recognized preserved in association with C. barthii
and C. sicklerii in several strata in the Buntsandstein near Hildburghausen,
further supporting the correlation between the two units. Building on the
results of Peabody (1948, 1955a, 1956), Haubold (1967, 1971a, b), in his
studies of the track assemblages in the Buntsandstein, further substanti-
ated the intercontinental distribution of Rofodactylus.

In the following decades, the anatomical interpretations of
Chirotherium, Rotodactylus, Eubrontes, Grallator, and other classical

Triassic ichnotaxa were shown to parallel the evolutionary sequence of
Triassic archosaurs documented by an increasing quantity of skeletal
evidence. It was J. Walther (1917) who first proposed a dinosaur-like
producer based on the footprint morphology and trackway pattern of
Chirotherium. Soergel (1925) likened the C. barthii track maker to
Euparkeria, a taxon whose phylogenetic position is presently recog-
nized as close to the base of the hypothesized crown-group Archosauria
(Gauthier, 1986; Sereno, 1991). This corresponds well with the geologi-
cal age and the morphology of C. barthii. Based on these data, and
following the excellent reconstruction of Euparkeria presented by Paul
(2002), the Chirotherium track maker was reconstructed and displayed
in a life-size bronze-sculpture in the Chirotherium Monument that was
inaugurated in 2004 in the market-place of Hildburghausen, close to the
type locality of Chirotherium barthii (Haubold, 2006).

The most common and popular interpretation of Chirotherium
barthii and C. sickleri as tracks of various members of the Crurotarsi is
not followed here. To the contrary, the Olenekian to early Anisian age of
Chirotherium: (1) supports a more general interpretation in the sense
stated above, and (2) the morphology of the pes imprints of both C.
barthii and C. sickleri include and presage the tridactyl pattern of the
later dinosaurs, and of theropods in particular. Support for this interpre-
tation is further substantiated by the development of the two key-fea-
tures in the evolution of dinosaurs: tridactyly and bipedality, both of
which are reflected in a stratigraphic succession of footprint morphs and
trackways from Chirotherium, Sphingopus, Parachirotherium and
Atreipus through Grallator and Eubrontes (Haubold and Klein, 2000,
2002). For Synaptichnium and “Brachychirotherium,” as well as



Isochirotherium in the Middle Triassic and Brachychirotherium (sensu
stricto) in the Upper Triassic, a general affinity with the Crurotarsi
appears to be realistic. However, this cannot be demonstrated convinc-
ingly as is usually supposed, and there is no evidence for any
synapomorphies of the group in these footprints.The correlation of
footprint morphs, beginning in the Lower Triassic with
Protochirotherium, with the archosaurian evolutionary “grades” seems
to be well substantiated, in particular by the extraordinarily fine preser-
vation of the latter described by Fichter and Kunz (2004) from the
Detfurth Formation of the Middle Buntsandstein of Hessen.

The Rotodactylus track maker has been interpreted as a member
of the Lagosuchia resp. Dinosauromorpha (Haubold, 1967, 1999; Haubold
and Klein, 2002), a conclusion supported by correspondence of the
tracks with skeletal anatomy. Of importance is the geological age of the
tracks compared to their proposed skeletal correlates: Rotodactylus and
Chirotherium, as well as Isochirotherium and Synaptichnium
(“Brachychirotherium”), occur as early as the Olenekian-Anisian transi-
tion, and prove a diversity that has to be younger than the hypothetical
stage of Archosauria, i.e., the beginning of the differentiation of this
crown-group.

Early-Late Triassic archosaur tracks come from sequences with
multiple horizons in localities as far removed today as southern Thuringia
and northern Bavaria on one side and Arizona, Connecticut and Massa-
chusetts on the other. In tandem, they play key roles in the
biochronological documentation of the evolution of archosaurian foot
morphology and locomotion by fossil imprints and tracks. On both
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continents, sequences with known track horizons range from the Olenekian
to the Norian-Rhaetian (Fig. 1). Through intensive research, important
correlative locations have been discovered in other regions of Germany,
Switzerland, France, Great Britain, Italy and Poland. In North America,
the number of occurrences in the Triassic of the Newark Supergroup, for
example in Pennsylvania, and in the Chinle Group of Colorado, New
Mexico, Utah, Arizona and Texas have increased. Triassic archosaur
tracks are known from Lesotho in southern Africa (Molteno and Lower
Elliot formations), South America (Argentina), and southern China
(Guanling Formation of the Guizhou Province [Lii et al., 2004]).

The large number of ichnogenera with archosaurian affinities that
have been described so far— roughly 50, even excluding Chirotherium,
Rotodactylus, Eubrontes and Grallator — is a further indication that the
record is truly extensive. Besides Chirotherium itself, the following
ichnogenera are considered chirotherian: Brachychirotherium Beurlen,
1950, Isochirotherium Haubold, 1971, Parachirotherium Kuhn, 1958,
Protochirotherium Fichter and Kunz, 2004, Parasynaptichnium Mietto,
1987, Sphingopus Demathieu, 1966, and Synaptichnium Nopcsa, 1923.
Furthermore we consider as archosaur tracks forms that have been de-
scribed under the following names: Aetosauripus Weiss, 1934, Agialopous
Branson and Mehl, 1932, Agrestipus Weems, 1987, Anchisauripus Lull,
1904, Atreipus Olsen and Baird, 1986, Banisterobates Fraser and Olsen,
1996, Batrachopus Hitchcock, 1845, Brontozoum Hitchcock, 1847,
Coelurosaurichnus v. Huene, 1941, Dahutherium Montenat, 1968,
Dinosaurichnium Rehnelt, 1950, Eubrontes Hitchcock, 1845, Evazoum
Nicosia and Loi, 2003, Gigandipus Hitchcock, 1856, Grallator Hitchcock,
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FIGURE 1. Archosaur footprint horizons and track-bearing formations in North America and southern Thuringia/northern Bavaria (Germany). In nearly
complete sequences, the intercontinental distributions of characteristic ichnotaxa are used for correlation. Notice conformity of the assemblages at the
corresponding levels and differences due to the gap in the North American record between the late Anisian and late Ladinian.
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1858, Gregaripus Weems, 1987, Otozoum Hitchcock, 1847,
Pachysaurichnium Demathieu and Weidmann, 1982, Prorotodactylus
Ptaszynski, 2000, Rigalites v. Huene, 1931, Swinnertonichnus, Sarjeant,
1967 and Thecodontichnus v. Huene, 1941. These ichnotaxa pertain to
specimens from different parts of the Triassic and their alphabetical
listing above does not indicate an evaluation of their validity. A special
taxonomic situation surrounds the tracks from the Upper Triassic of
Lesotho for which Ellenberger (1972) introduced a wide variety of names
like Anatrisauropus, Bosiutrisauropus, Deuterosauropodopus, Deutero-
trisauropus, Paratetrasauropus, Paratrisauropus, Pentasauropus, Proto-
trisauropus, Pseudotetrasauropus, Pseudotrisauropus, Psilotrisauropus,
Qemetrisauropus, Sauropodopus, Seakatrisauropus, Tetrasauropus, and
Trisauropodiscus. Comparisons of these with ichnotaxa described from
elsewhere, and consensus on synonymies, are still in progress; most of
his ichnotaxa have not been recognized outside Lesotho and are generally
perceived (even in the absence of detailed analyses) as junior synonyms
of other, better-known ichnotaxa.

Even larger is the number of ichnospecies that have been estab-
lished within the aforementioned ichnogenera. For Chirotherium alone,
the authors counted 50 species names; for all chirotherians, in nearly any
combination within the ichnogenera, there are at least 75 ichnospecies.
Altogether, about 50 ichnogenera and about 180 ichnospecies have been
ascribed to Triassic archosaurs. The status of many ichnotaxa is doubt-
ful; in many cases, they are demonstrably synonyms of well-established
taxa. However, this synonymy is evaluated differently, depending on the
material and the describing author. Some authors have erected ichnotaxa
while ignoring extramorphology, a phenomenon that was recognized as
having a misleading influence on tetrapod ichnotaxonomy as long ago as
Peabody (1948). For many of the named ichnotaxa, synonymy remains
open, and such forms must be considered phantom taxa (sensu Haubold,
1996).

Following the very precise guidelines established by Peabody
(1955a), ichnospecies and ichnogenera cannot be definitively attributed
to a species or genus that is based on body fossils. Body fossil genera
are nearly equivalent to ichnospecies. So, the lowest level to which a
Triassic archosaur track can be differentiated corresponds with an osteo-
logical genus. Consequently, the number of named ichnotaxa cited above
would imply a correlative number of osteological ichnogenera. This seems
unrealistic — the presently documented ichnological archosaur diversity
in the Triassic must be reduced substantially to a smaller number of
ichnogenera and ichnospecies.

TRIASSICARCHOSAUR FOOTPRINTS —-THE EVIDENCE
Early Early Triassic

Tetrapod footprints from this interval come from the
Labyrinthodontidae Beds (late Induan) of Widry (Poland) and from the
Dethfurt and Hardegsen formations (early Olenekian) of northern Hessen,
Germany (Demathieu and Haubold, 1982; Fuglewicz et al., 1990;
Ptaszynski, 2000; Fichter and Kunz, 2004). Essential components of
these assemblages are Synaptichnium (Fig. 2A-B) and Protochirotherium,
including the type species of the latter, P. wolfhagense Fichter and Kunz,
2004 (Figs. 2C, 3A-B). The status of Synaptichnium and the relationship
to Protochirotherium is uncertain (see also below). From the locality in
Poland, Brachychirotherium and Isochirotherium were described by
Fuglewicz et al. (1990) and Ptaszynski (2000). However, the features
exhibited by these specimens, particularly the digit proportions (long
pedal digit IV), differ from those listed in the diagnoses for these taxa
(Beurlen, 1950; Haubold, 1971b; Karl and Haubold, 1998). We therefore
refer this material to Protochirotherium (Fig. 2D-E). Synaptichnium and
Protochirotherium indicate a primitive archosaur foot morphology typi-
fied by long pedal digits IV and V.
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FIGURE 2. Characteristic archosaur footprints from the early Early Triassic.
A, B, Synaptichnium, Hardegsen Fm., Hessen and Labyrinthodontidae beds,
Wiory, Poland. C, Protochirotherium wolfhagense Fichter and Kunz, 2004,
Detfurth Fm., Hessen (holotype at right). D, E, Protochirotherium
(Brachychirotherium and Isochirotherium after Ptaszynski, 2000 and
Fuglewicz et al., 1990), Labyrinthodontidae beds, Wiory. Notice digit
proportions and long digits IV and V in the pes. A after Demathieu and
Haubold (1982); B, D, E after Ptaszynski (2000) and Fuglewicz et al. (1990).

Late Early Triassic and Middle Triassic

Beginning in the late Olenekian, there is evidence of a broad spec-
trum of archosaur tracks in the global record, exemplified by Rotodactylus,
Synaptichnium, Isochirotherium and Chirotherium, reflecting different
evolutionary developments in foot morphology and a biological diver-
sity not thus far documented by the skeletal record. From strata in the
“Thiiringischer Chirotheriensandstein” (late Olenekian-Anisian) of south-
ern Thuringia, dense concentrations of pentadactyl pes and manus im-
pressions of Rotodactylus are known (Fig. 4A-C; Haubold, 1967, 1971a,
b, 1999). A characteristic feature of Rotodactylus is the dominance of
digit group II-IV and the extreme posterior position of a small puncti-
form mark that constitutes the impression of digit V. The digit propor-
tions are I<II<III<IV. Trackways preserve evidence of long strides and a
primary, lateral overstep of the manus by the pes, though respective
values of overstepping and stride length show high variability. The data
indicate cursorial trackmakers that, with our present knowledge, must be
attributable to dinosauromorphs comparable in “grade” to lagosuchians
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FIGURE 3. A, B, Protochirotherium wolfhagense Fichter and Kunz, 2004
pes and manus imprints with preserved skin impressions (holotype at right)
from the Detfurth Fm. (Olenekian) of Hessen, Germany. C, D, Chirotherium
barthii and C. sickleri from the type surface in the Thiiringischer
Chirotheriensandstein, Olenekian-Anisian of southern Thuringia (Germany).
C, C. barthii (center), C. sickleri (upper right) and small “Brachychirotherium”
(lower right). D, Trackways of C. barthii and C. sickleri. Notice differences
in digit proportions, particularly the long pedal digit IV in C. sickleri compared
with C. barthii. A, B, from casts in the Institute for Geological Sciences,
Martin-Luther-University Halle-Wittenberg (original material in the
Provincial Museum Wolfhagen, Hessen); C, D, from Haubold (2006).

(Haubold, 1999). Rotodactylus was first described from material from
the Moenkopi Group of Arizona by Peabody, 1948 (see above). Addi-
tional important evidence comes from the Middle Triassic of France
(Demathieu and Gand, 1973).

Synaptichnium continues from the Early into the Middle Triassic.
This ichnogenus retains an overall conservative foot structure and long
digits IV and V. (Fig. SA-E). Such footprints are recorded on surfaces in
the Moenkopi Group of Arizona (Peabody, 1948) and the Middle Trias-
sic of England, France, Italy and Germany (Demathieu, 1970; Tresise
and Sarjeant, 1997; Avanzini, 2000; Klein and Haubold, 2004). The
ichnotaxonomic situation in Synaptichnium is complicated by the fol-
lowing circumstances: (1) no type has been fixed thus far (see Nopsca
1923, Haubold, 1971b), (2) Synaptichnium in the early Early Triassic can
possibly be synonymized with Protochirotherium (see above), and (3)
footprints described under Synaptichnium from the late Early — Middle
Triassic show a transition to “Brachychirotherium” in different
extramorphological variations, (Klein and Haubold, 2004; see below).
The ichnotaxon is presently under revision by the authors. A primary
component of the assemblages in Germany and France are footprint
morphs that have been referred to Brachychirotherium (Haubold, 1971b).
However, in the revision of the type material from the Keuper (Karl and
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FIGURE 4. Tracks of Rotodactylus from late Early and Middle Triassic. A,
Rotodactylus matthesi, Thiiringischer Chirotheriensandstein, southern
Thuringia. B, Rotodactylus cursorius, Moenkopi Group, Arizona. C,
Rotodactylus lucasi, Anisian-Ladinian, Massif Central, France. Notice
posterior position of digit V and overstepped manus. After Peabody (1948),
Haubold (1967), and Gand (1976).
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FIGURE 5. A-E, Synaptichnium and H-K, “Brachychirotherium” from the
late Early and Middle Triassic, from A, Great Britain; B, C, Moenkopi
Group, Arizona; D, J, K, Anisian-Ladinian, Massif Central, France; E,
Eschenbach  Fm., northern Bavaria; F, G, Thiringischer
Chirotheriensandstein, southern Thuringia; and H, I, R6t Fm., northern
Bavaria. Notice conservative pes morphology with long digits IV and V.
After Peabody (1948), Haubold (1971b, 1984), and Klein and Haubold
(2004).
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FIGURE 6. Isochirotherium from the late Early and Middle Triassic, from
A, B, Thiiringischer Chirotheriensandstein, southern Thuringia; C, Cheshire,
Great Britain; D, E, Moenkopi Group, Arizona; and F-H, Anisian-Ladinian,
Massif Central, France. Important are the digit proportions in the pes, with
digits II and III longest, in some cases II>III. The manus is extremely small
compared to the pes. After Peabody (1948), Demathieu (1970), Haubold
(1971b) and Courel and Demathieu (1976).

Haubold, 1998, 2000), their relationship to Late Triassic
Brachychirotherium turned out to be problematic. Consequently, the
so-called “brachychirotherians” of the Middle Triassic are referred to
here as “Brachychirotherium” (Fig. SF-K). They are demonstrably
extramorphological variants of Synaptichnium (Klein and Haubold, 2004),
though they form a characteristic and striking group of track morphs
particularly in the late Middle Triassic (Demathieu, 1970; Demathieu
and Gand, 1973; Courel and Demathieu, 1976; Demathieu and Demathieu,
2004).

Isochirotherium (Fig. 6A-H), the type species of which is
Isochirotherium soergeli from surfaces of the “Thiiringischer
Chirotheriensandstein” (Fig. 6B), exhibits a striking dominance of IT and
III in the digit proportions of the pes (II > III in part) and an extremely
small manus impression compared to that of the foot (Haubold, 1971b).
This track type can be interpreted as an evolutionary trend toward a
tridactyl foot pattern comprised of digits I, II, III rather than the II, III,
IV pattern displayed by Grallator, for example. The tracks are also
present in the Moenkopi Group of Arizona and the Middle Triassic of
Great Britain, France and Italy (Peabody, 1948; Courel and Demathieu,
1976; Gand, 1979; Tresise and Sarjeant, 1997; Avanzini and Lockley,
2002).
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FIGURE 7. Pentadactyl tracks from the late Early and Middle Triassic
showing the initial stages of a trend toward tridactyly via reduction of digit
V and a posterior shift of digit I. A, B, Chirotherium barthii, type surface of
the Thiiringischer Chirotheriensandstein, Hildburghausen. C, D, C. sickleri,
Thiiringischer Chirotheriensandstein. E, F, Sphingopus ferox, Anisian/
Ladinian, Massif Central, France. G, H, Sphingopus isp. and Para-
chirotherium postchirotherioides, Eschenbach—-Benk fms., northern Bavaria.
After Demathieu (1966, 1970), Haubold (1971a, b), and Haubold and Klein
(2000).

In Chirotherium, particularly in the type species C. barthii, the
initial stages of the development of the tridactyl dinosaurian foot are
indicated by the posteriorly shifted pedal digit I and the dominance of
digits II-IV ( Figs. 3C-D, 7A-B; Haubold and Klein, 2002). Chirotherium
manus impressions display a distinctive (dinosaurian) reduction of digits
IV and V. Compared to C. barthii, the smaller C. sickleri appears to be
more conservative in its retention of a long pedal digit IV (Figs. 3C-D,
7C-D). C. barthii footprints are one of the best documented Triassic
archosaur tracks, including specimens from the classic Buntsandstein
locality (Olenekian-Anisian) of Hildburghausen (Haubold 1971a, 2006)
and abundant material from corresponding stratigraphic levels in England
(Tresise and Sarjeant, 1997), Arizona (Peabody, 1948), France
(Demathieu, 1984), Spain (Calderon, 1897), Scotland (Clark et al., 2002),
Argentina (Peabody, 1955b) and China (Lii et al., 2004).

Between the late Anisian and late Ladinian, additional tracks with
a principally pentadactyl imprint morphology similar to C. barthii can
be recognized in Sphingopus and Parachirotherium. (Fig. TE-H). The
dominance of the main digit-group II-IV, with III being longest, is a
striking feature, as is the posteriorly-shifted digit I, following the trend
established by C. barthii. The type species, S. ferox (Fig. 7E-F), was
first described by Demathieu (1966) from the Middle Triassic of the



eastern margin of the Massif Central (France). Subsequently, Sphingopus
has been documented in strata of similar age from the western margin of
the Bohemian Massive in northern Bavaria (Haubold and Klein, 2002;
Fig. 7G). Parachirotherium postchirotherioides is known from the Benker
Sandstein (Middle Keuper, Late Ladinian) of northern Bavaria (Rehnelt,
1950; Kuhn, 1958; Haubold and Klein 2000; Fig. 7H). Sphingopus and
Parachirotherium possess small manus imprints.

The oldest truly tridactyl pes imprints are late Anisian in age.
They occur alongside pentadactyl Sphingopus and Parachirotherium
tracks, often in trackways demonstrating that the track maker was ca-
pable of adopting a facultatively bipedal gait. They have been described
under the names Coelurosaurichnus and Anchisauripus (Rehnelt, 1950;
Weiss 1976; Demathieu, 1989; Gand and Demathieu, 2005; Gand et al.,
2005), and they can be referred to Atreipus-Grallator (Figs. 8A-D).
Especially in Parachirotherium, the transition from a pentadactyl quad-
ruped to a tridactyl biped is documented in single trackways (Haubold
and Klein, 2000).

Late Triassic

In this time interval, assemblages with archosaur tracks are char-
acterized by the following taxa and imprint forms:
Brachychirotherium (Fig. 9A-E), beginning in the Carnian, with
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FIGURE 8. Tridactyl tracks Atreipus—Grallator (“Coelurosaurichnus,”
“Anchisauripus”) from the Middle and Late Triassic with occasional
impressions of the manus, reflecting a tendency toward bipedalism, from A-
C, Anisian-Ladinian, Massif Central, France; D, Upper Ladinian, Benker
Sandstein, northern Bavaria; E, Carnian, Massif Central, France; F, Carnian,
Ansbacher Sandstein, northern Bavaria; G, Norian, Newark Supergroup;
and H-J, Upper Carnian, Coburger Sandstein, northern Bavaria. After Haubold
(1971b), Olsen and Baird (1986), Courel and Demathieu (2000), Haubold
and Klein (2000), and Gand and Demathieu (2005).
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FIGURE 9. Brachychirotherium. A, Brachychirotherium hassfurtense (type
species), Late Carnian, Coburger Sandstein. B, C, B. thuringiacum, Late
Carnian, Coburger Sandstein and Blasensandstein, northern Bavaria. D, B.
parvum, Passaic Fm., New Jersey. E, B. sp., Passaic Fm., Pennsylvania. F-K,
Extramorphological variations of Brachychirotherium (“Pseudo-
tetrasauropus,” “Evazoum,” “Otozoum”), from F, Norian, Lower Elliot
Fm., South Africa; G-I, Norian, Redonda Fm. New Mexico; J, Carnian,
Italy; and K, Norian, France. After Baird (1957), Karl and Haubold (1998),
Gand et al. (2000), Nicosia and Loi (2003), and Klein et al. (2006).

the type species Brachychirotherium hassfurtense (Fig. 9A) plus B.
thuringiacum (Fig. 9B-C) from surfaces of the Coburger- and
Blasensandstein of northern Bavaria and southern Thuringia (Beurlen,
1950, Karl and Haubold, 1998, 2000), this ichnogenus occurs in North
America up to the Triassic-Jurassic boundary (Baird, 1957, Silvestri and
Szajna, 1993; Silvestri and Olsen, 1989; Szajna and Silvestri, 1996; Szajna
and Hartline, 2003; Olsen et al., 2002; Fig. 9D-E). Brachychirotherium is
characterized by a broad, pentadactyl pes imprint with short, blunt
digits and tiny claws. The fifth digit, represented only by an oval basal
pad, occupies a posterolateral position. The manus exhibits a similar
morphology.

Imprint forms that have been described under Pseudo-
tetrasauropus, Evazoum or Otozoum from the Carnian-Norian of South
Africa, North America, Italy and France (Ellenberger, 1970, 1972; Gand
et al., 2000; Lockley et al., 2000, 2006; Lucas et al., 2001; Nicosia and
Loi, 2003; Fig. 9F-K) are, in most cases, extramorphological variants of
Brachychirotherium that appear different because their manufacture was
controlled by differing conditions of the substrate and, possibly, variable
gaits (see Klein et al., 2006 for details).

Atreipus, Grallator, and Eubrontes (type species Atreipus
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FIGURE 10. Grallator-Eubrontes. Tridactyl bipedal tracks from the Norian
to Early Jurassic; from A, Norian, Wales, Great Britain; B, ?Rhaetian-Early
Jurassic, northern Bavaria; C, Lower Elliot Fm., South Africa; D, Norian,
southern France; E-G, Norian, Chinle Group, Utah, New Mexico, Colorado;
H, Rhaetian, Sweden; and I-O, Lower Jurassic Newark Supergroup, (I, J,
Grallator; L, M, Anchisauripus; and N, O, Eubrontes). After Haubold
(1971b), Gierlinski and Ahlberg (1994), Lockley and Hunt (1995), Olsen et
al., (1998), Hunt et al. (2000), Gaston et al. (2003), and Gand and Demathieu
(2005).

milfordensis from the Passaic Formation, and Grallator parallelus and
Eubrontes giganteus from the Lower Jurassic part of the Newark Super-
group [Hitchcock, 1836, 1845, 1947, 1858; Bock, 1952; Olsen and Baird,
1986; Silvestri and Olsen, 1989; Silvestri and Szajna, 1993; Szajna and
Silvestri, 1996; Olsen et al., 2002; Szajna and Hartline, 2003]) are tridac-
tyl, mesaxonic pes imprints of different sizes (Figs. 8E-J, 10) that are
widely distributed between the Carnian and Early Jurassic, with occur-
rences in Germany, Great Britain, Switzerland, France, Sweden,
Greenland, and the Lower Elliot Formation of South Africa (Ellenberger,
1970, 1972, 1974; Furrer, 1993; Gierlinski and Ahlberg, 1994; Jenkins et
al., 1994; Lockley et al., 1996; Gatesy et al., 1999; Haubold and Klein,
2000, 2002; Gand et al., 2000, 2003; Milan et al., 2004). Occasionally
manus imprints are associated with older trackways (e.g., Atreipus).
From the late Norian, for example in the Redonda Formation of New
Mexico, only bipedal Grallator and Eubrontes are present, though in the
Newark Supergroup Atreipus still occurs in the Rhaetian.

INTERPRETATION - THE BIOCHRONOLOGICAL
POTENTIAL

From the preceding overview, it is obvious that the vertical (strati-
graphic) distribution of some archosaurian ichnotaxa and form groups in

the global record demarcate distinct biostratigraphic units that them-
selves occur in distinct, limited chronostratigraphic intervals. Hence, an
attempt is made to establish the following archosaur footprint-based
biochronological concept for the Triassic.

Protochirotherium (Synaptichnium) is characteristic of the Induan-
late Olenekian interval. Protochirotherium, temporally as well as mor-
phologically, matches the hypothetical morphology of a basal archosaur
and is the basis for later evolutionary developments and form groups. Its
position marks the beginning of the biochronological succession. Be-
tween the late Olenekian (at which time Protochirotherium disappears)
and the late Ladinian, further biochronological potential is offered by
Rotodactylus, Isochirotherium, Synaptichnium and “Brachychirotherium”.
Their stratigraphic distributions essentially span the Middle Triassic.
The stratigraphic upper limits of Rotodactylus and Isochirotherium are
early Ladinian. Brachychirotherium (sensu stricto) spans the Upper Tri-
assic, from the Carnian to the Triassic-Jurassic boundary.

The greatest biochronological potential lies in coupling the strati-
graphic succession of the tracks with the functional evolutionary stages
in the development of the tridactyl foot morphology and bipedal gait of
dinosaurs that they delineate. They can be followed in an evolutionary
succession between the late Olenekian and Early Jurassic, documenting
morphological and behavioral changes, including trackways made by
individuals shifting from quadrupedal to facultative bipedal locomotion.
This transition is ichnotaxonomically delineated via the following se-
quence: Chirotherium — Sphingopus — Parachirotherium — Atreipus —
Grallator. The stratigraphic ranges of these five ichnotaxa correspond
with the Olenekian-Anisian, Anisian-Ladinian, Ladinian, Carnian-Norian
and Norian-Rhaetian, respectively. The range of the pentadactyl forms
in this succession is limited to pre-Carnian strata; after that time, the
tracks are tridactyl.

An alternative, as well as a supplement and clarification of earlier
biochronological concepts, is offered here. Attempts to tie
ichnostratigraphy and correlation of sequences have been made by
Haubold (1969, 1971b, 1984, 1986), Demathieu and Haubold (1972,
1974), Olsen (1980, 1983), Lockley and Hunt (1993, 1995), and Lucas
(2003). Further contributions to this topic can be found in Ellenberger
(1970, 1972, 1974), Demathieu (1984), Olsen and Galton (1984), Olsen
and Baird (1986), Silvestri and Olsen (1989), Silvestri and Szajna (1993),
Lockley et al. (1996), Szajna and Silvestri (1996), Avanzini et al. (2001),
Lucas and Hancox (2001), Olsen et al. (2002), Szajna and Hartline (2003),
Lucas and Huber (2003), Lucas and Tanner (2004), Gand et al. (2003),
Lucas and Sullivan (2006), and Lucas et al. (2006a, b). Evident in all of
these studies are different approaches of the respective authors to the
fundamental problem of the non-uniform assignment and naming of tracks,
particularly the differing methods of evaluating and dealing with
extramorphological phenomena, specifically substrate-controlled features
in track morphology (see above). As a consequence, different strati-
graphic ranges of taxa have been stated and conclusions reached by the
different authors. The concept presented here is based on principal form
groups and the evolutionary developments they represent. By this re-
duction to the documentation of essential “lines,” the temporal distribu-
tion pattern becomes apparent and offers possibilities for biochronological
classification of the Triassic by archosaur footprints.

RESULTS

After analysis of the global record of archosaur tracks from the
Triassic, a biochronological succession of six biochronological units
(biochrons) is derived from the stratigraphic distribution of several char-
acteristic forms and assemblages. Each unit represents a certain time
span, the beginning of which is marked by the first appearance datum
(FAD) of an index taxon. In the following, the principal index ichnotaxon
is marked in bold. The units are:

L. Protochirotherium (Synaptichnium): FAD: Late Induan. Distri-
bution: Late Induan-Olenekian.

I1. Chirotherium, Rotodactylus, Isochirotherium, Synaptichnium
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FIGURE 11. Stratigraphic distribution of characteristic archosaur tracks in the Triassic in biochrons I-VI and source track-bearing units and locations.
Common synonyms and extramorphological variants that have been treated as distinct ichnotaxa to date are indicated in brackets. The track-bearing
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pentadactyl to tridactyl pes morphology and of bipedality in Chirotherium through Eubrontes between the late Olenekian and Norian-Rhaetian. After
Haubold (1971b), Olsen and Baird (1986), Karl and Haubold (1998), and Haubold and Klein (2000).

(“Brachychirotherium”): FAD: late Olenekian. Distribution: Late
Olenekian-Anisian.

II1. Sphingopus — Atreipus — Grallator, Rotodactylus,
Isochirotherium, Synaptichnium (“Brachychirotherium”): FAD: Late
Anisian. Distribution: Late Anisian-Ladinian.

IV. Parachirotherium — Atreipus — Grallator, Synaptichnium
(“Brachychirotherium”): FAD: Late Ladinian. Distribution: Late Ladinian.

V. Atreipus-Grallator, Brachychirotherium: FAD: Carnian. Dis-
tribution: Carnian-Norian.

VL. Grallator-Eubrontes, Brachychirotherium: FAD: Norian. Dis-
tribution: Norian-Rhaetian.

Most of the taxa that have been described and named can now be
referred to one of these biochrons. In Figure 11, the different evolution-
ary sequences and biochrons are plotted. The composition of the
ichnotaxonomic groupings and track sequences is based on the following
ichnotaxa:

1. Protochirotherium. Late Induan-late Olenekian. Type species:
P. wolfhagense Fichter and. Kunz, 2004.

2. Rotodactylus. Late Olenekian-early Ladinian. Type species: R.
cursorius Peabody, 1948.

3. Synaptichnium. Late Induan-late Ladinian. Type species: S.
pseudosuchoides Nopcsa, 1923.

4. “Brachychirotherium.” Late Olenekian-Late Ladinian. Tracks
described under Brachychirotherium but with a doubtful relation to Upper

Triassic forms (see Karl and Haubold, 1998; Klein and Haubold, 2004).

5. Brachychirotherium. Carnian-Rhaetian. Type species: B.
hassfurtense (Beurlen 1950); see also Karl and Haubold, 1998, 2000).

6. Isochirotherium. Late Olenckian-early Ladinian. Type spe-
cies: 1. soergeli (Haubold 1967); see also Haubold, 1971b.

7. Chirotherium. Late Olenckian-early Anisian. Type species: C.
barthii Kaup, 1835.

8. Sphingopus. Late Anisian-early Ladinian. Type species:
Sphingopus ferox Demathieu, 1966.

9. Parachirotherium. Late Ladinian. Type species: P.
postchirotherioides (Rehnelt 1950); see also Kuhn, 1958.

10. Atreipus. Carnian-Norian. Type species: A. milfordensis (Bock
1952); see also Olsen and Baird, 1986.

11. Grallator. Norian-Early Jurassic. Type species: Grallator
parallelus (Hitchcock 1847); see also Hitchcock, 1858.

12. Eubrontes. Norian-Early Jurassic. Type species: E. giganteus
(Hitchcock 1836); see also Hitchcock, 1845.

CONCLUSIONS

The stratigraphic distribution of the principal morphs of archosaur
tracks reflects different phylogenetic trajectories of the locomotor appa-
ratus and foot morphology of archosaurs through the Triassic. Several
functional evolutionary track sequences can be differentiated, each com-
posed of characteristic taxa and form groups that characterize a certain
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time span. Beginning with early forms like Protochirotherium and
Synaptichnium and through Isochirotherium, Rotodactylus, and
Brachychirotherium, the evolution of the plesiomorphic tridactyl dino-
saurian foot morphology and bipedality is documented in tracks from
Chirotherium to Eubrontes. The sequence offers a biochronological po-
tential that has not been considered so far. The stratigraphic distribution
pattern is summarized in six units (biochrons I-VI). Although the quan-
tity and quality of anatomical signals preserved in footprints is limited,
some archosaur tracks give insight in the evolutionary context of their
producers. This information, in tandem with their distinct stratigraphic
distributions, makes Triassic archosaur footprints valuable for

biochronology, especially in continental sequences where skeletal evi-
dence is rare or missing. Furthermore, they often appear in dense concen-
trations and are geographically widespread. This potential can be used
and augmented in the future through global prospecting of regions and
sequences that have not been examined so far. The recent discovery of
Chirotherium barthii in the Middle Triassic of the Yangtze basin of
southern China (Lii et al., 2004) is just such a positive indication of the
potential to utilize the track record of Triassic archosaurs.
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