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Dinosaur footprints have been used extensively as biostrati-
graphic markers, environmental indicators, measures of faunal
diversity and evidence of group behaviour'~. Trackways have also
been used to estimate locomotor posture, gait and speed® ", but
most prints, being shallow impressions of a foot’s plantar surface,
provide little evidence of the details of limb excursion. Here we
describe Late Triassic trackways from East Greenland, made by
theropods walking on substrates of different consistency and
sinking to variable depths, that preserve three-dimensional
records of foot movement. Triassic theropod prints share many
features with those of ground-dwelling birds, but also demon-
strate significant functional differences in position of the hallux
(digit I), foot posture and hindlimb excursion.

Dinosaur trackways are common in the @rsted Dal Member of

NATURE|VOL 39913 MAY 1999 |www.nature.com

A2 © 1999 Macmillan Magazines Ltd

letters to nature

the uppermost Fleming Fjord Formation (Norian-Rhaetian) of
Jameson Land, East Greenland'’. These strata consist of cyclically
bedded fine-grained siliciclastic and carbonate-bearing units laid
down as part of a large rift lake system". Although the footprints
are structurally diverse, almost all appear to be members of a
gradational series (Fig. la—f). At one extreme are clearly
preserved tridactyl tracks referable to the ichnogenus Grallator
(Anchisauripus)"'*". Such prints are commonly attributed to bipe-
dal theropods'® and preserve impressions of digital pads, claws and,
in some cases, skin (Fig. 1a). At the other extreme are tetradactyl,
elongate prints in which the digital impressions are smooth
channels constricting to narrow slits (Fig. 1f). The apparent
impression of digit III is markedly longer than those of other
digits; its distal end is elevated and expanded to resemble a
fumarole-like crater. A posteromedially directed imprint of digit I
is always present adjacent to an impression of the metatarsus. Most
of the @rsted Dal prints are intermediate in form between these two
extremes (Fig. 1b—e).

The differences between tridactyl (Fig. la) and tetradactyl
(Fig. 1f) tracks are comparable to those that have been used to
distinguish faunal constituents and define ichnotaxa"’. However,
two lines of evidence support the hypothesis that track variation is
related to theropods traversing substrates of variable consistency,
rather than to differences in foot morphology. First, some indi-
vidual trackways exhibit more than one variant, although no single
trackway preserves a complete gradational series. Second, guinea-
fowl and turkeys walking on substrates of different consistencies
closely duplicate the structural continuum of the Greenlandic prints
(Fig. 1g—j). Whereas shallow prints on a relatively firm substrate
accurately replicate the plantar form of these birds (Fig. 1g),
successively deeper prints into increasingly wetter sediments
record the entry of the initially splayed foot and the subsequent
digital convergence as the foot is extracted (Figs 1h—j, 2a). Foot-
prints in muds of intermediate consistency show separate entry and
exit furrows for digits IT and IV (Fig. 1h, i). In the deepest, wettest
muds, the entire foot (with digits I-IV convergent) is extracted at
the anterior end of the metatarsal-digit III furrow, raising a mound
of sediment (Figs 1j, 2b). Thus, as mud hydration and penetration
depth increase, bird tracks elongate because the substrate intercepts
foot movements that normally occur above the surface. In the
elongate Triassic footprints, the subsurface pathway of the toes
disrupts sedimentary laminae, which can be seen in serial sections.
These three-dimensional records confirm that, as in living birds,
early Mesozoic theropods sank down and forward, and extracted
the foot with convergent toes. Although evidence for slight digital
approximation at the end of the stance phase has been reported
from shallower tracks", the elongate Greenlandic tracks document
complete toe convergence, which is retained as a primitive feature
among birds.

Although the general correspondence between extant avian and
Greenlandic trackways reflects some pedal similarities, there are
important functional differences between basal theropods and
birds. The hallux (digit I) in ceratosaurs, such as Coelophysis, is
sufficiently shorter than the other digits that on firm substrates it
does not contact the ground (cf. Fig. 1a, b). The hallucal metatarsal,
applied as a flattened splint to the midshaft of metatarsal II (Fig. 3),
bears an asymmetrical condyle that permits a range of about 70° of
flexion/extension and about 25° of ab/adduction of the metatarso-
phalangeal joint. The single interphalangeal joint, which is uniaxial,
permits only flexion/extension. Fixation of metatarsal I and the
configuration of the metatarsophalangeal and interphalangeal
joints preclude retroversion. No known Late Triassic—Early Jurassic
theropod shows evidence of an avian-like reversed hallux (Eoraptor,
Herrerasaurus, Coelophysis, Syntarsus, Procompsognathus, Segisaurus,
Dilophosaurus'®*). Nonetheless, the posteromedially oriented hallucal
print of some tracks, which appears superficially comparable to the
impression of the posteriorly directed hallux of birds (compare
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Figure 1 The spectrum of theropod tracks preserved in the Triassic Fleming Fjord
Formation of Greenland (a-f) is comparable to that produced by an extant bird
(the helmeted guineafowl, Numida meleagris) (g-j). On firm substrates, tracks
closely reflect plantar morphology (a, g). The feet sink progressively deeper as
sediment hydration increases (b-f and h-j). As a result, digits Il and IV begin to
converge before the foot is withdrawn, thereby creating separate entry (ll, IV) and
exit (I, IV') furrows (c-e, h, i) or a single terminal exit (f, j). Unlike birds, however,

Fig. lc—f and g—j), has led to speculation that undiscovered
theropods with a reversed hallux existed in the early Mesozoic***™".

We propose that the Greenlandic trackways could have been
created by ceratosaur feet in which the hallux was slightly abducted
and flexed, but not reversed. In prints of intermediate depth,
contact of the hallux with the substrate was transient, leaving an
isolated mark posteromedial to the main track (Fig. ¢, d). On more
pliable muds, the hallux followed the forward and downward
trajectory of the foot (~45°) into the sediment. With the hallux
oriented more vertically than the angle of foot penetration, an
oblique impression was produced as the digit incised the surface in
an anterolateral direction (Figs 1e, f, 3). Under these conditions, a
foot such as that of Coelophysis, with an anteromedially oriented
digit I, could produce a posteromedially directed hallucal furrow.
Equating the hallucal entry furrow with the anatomical orientation
of this digit accounts for the erroneous interpretation of a reversed
hallux among early Mesozoic theropod trackmakers.

A second distinction between the Greenlandic tracks and those of
living birds is the metatarsal imprint. The deepest theropod tracks
are posteriorly elongated by a smooth metatarsal impression with a
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Triassic theropods left a distinct metatarsal impression (M) in deeper tracks (d-f).
Greenlandic footprints were drawn from separate trackways and represent
differentindividuals as well as variant details, whereas the avian prints were made
by the same bird. The track illustrated in b is partially obscured by an overprint of
another track. Theropod tracks (a-f) are registered in the Geological Museum,
University of Copenhagen, as MGUH VP 3386-3391.

shallow slope of 25-30° (Fig. le, f). Turkeys and guineafowl, in
contrast, leave little or no metatarsal print, even in the deepest tracks
(Fig. 1i, j). As the avian foot penetrates down and forward, the
metatarsus rapidly becomes more vertical than the angle of foot
penetration, and thus no posterior metatarsal impression is created
(Fig. 2b). In contrast, the distinct metatarsal imprint in Greenlandic
tracks indicates that the initial foot posture was maintained during
the early part of the stance phase in these theropods (Fig. 3).

The contrast between Triassic theropods and extant birds in the
timing of metatarsal rotation implies differences in the movement
of more proximal hindlimb segments. Among birds today, the
stance phase of walking is characterized by large excursions at the
knee and metatarsophalangeal joints, but little movement at the hip
and ankle. During the first half of the stance phase, a relatively small
femoral excursion is coupled with early elevation of the metatarsus.
In contrast, walking crocodilians employ little movement at the
knee and metatarsophalangeal joints; the metatarsus remains
stable in early stance, when hip extension and ankle dorsiflexion
predominate®. On the basis of caudopelvic anatomy, retraction of
the femur (hip extension) has been proposed as the principal
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Figure 2 Early, middle, and late phases in the formation of a turkey footprint in
deep mud. a, Dorsal and b, Lateral views. As the foot penetrates down and
forward, the metatarsus becomes more vertical, leaving little or no impression at
the rear of the track. The digits converge subsurface, emerging from the substrate
(I"-IV")wellin front of their points of entry (I-1V). Foot positions were reconstructed
from video records of a single stride taken simultaneously in lateral and posterior
views, and aligned with respect to the resulting track.

stance-phase movement in basal theropods®’. The impressions left
by stable metatarsi in deep tracks from the Greenlandic Triassic are
independent evidence that these theropods powered the early stance
phase by femoral retraction, rather than by knee flexion as in living
birds. O
Methods

Triassic theropod footprints. Fossil footprints, collected at 71°24.88'N,
22°33.17"W on the eastern slope of Wood Bjerg, Jameson Land, East
Greenland, were mechanically prepared to remove infilled matrix. Four
elongate prints were transversely or sagitally sectioned with a rotary rock saw at
5mm intervals to trace the subsurface path of each toe and determine foot
penetration angles. We assessed the mobility of the hallux in two specimens of
Coelophysis bauri (Museum of Comparative Zoology 4334, American Museum
of Natural History 7226) by mounting the digital elements forming the
metatarsophalangeal and interphalangeal joints at the extremes of their
excursion ranges as indicated by the geometry of the articular facets. Images of
the maximal excursion ranges, taken in standard anatomical perspectives, were
captured by a Toshiba Image Master CCD Color Camera mounted on a Nikon
SMZ-2T binocular microscope, and printed on a Sony Mavigraph colour video
printer. Three-dimensional reconstructions of foot movement were modelled
(based on the pedal anatomy of Coelophysis bauri) and rendered using Alias/
Wavefront Studio 8.5 on a Silicon Graphics Indigo” IMPACT computer. Foot
positions were reconstructed on the basis of penetration angles, hallucal cleft
orientations, metatarsal impression slopes and toe convergence preserved in
deep Greenlandic tracks.

Avian footprints. We videotaped an adult female turkey (Meleagris gallopavo)
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Figure 3 Three-dimensional computer reconstruction of theropod foot move-
ments producing an elongate print in deep mud. Penetration through the
substrate surface is shown in red. The hallux, which is not ‘reversed’ as in
modern birds, leaves a posteromedially oriented entry furrow (a, b) as the digit
plunges down and forward. The ankle is not immediately lifted during the stance
phase, and as a result a metatarsal impression is created (e), elongating the track
posteriorly. All digits converge beneath the surface and emerge together from the
anterior end of the track (d).

and an adult male helmeted guineafowl (Numida meleagris) in simultaneous
lateral and anterior/posterior views as they walked and ran across a clay-rich,
sandy soil. The soil was variously hydrated to produce substrate consistencies
ranging from a firm, plasticine-like surface, with a depth of 7 mm (Fig. 1g), toa
highly compliant mud with a depth of 61 mm (Fig. 1j). Trackways and
individual tracks were documented by stereophotography; some prints were
cast in plaster.
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Molecular genetic studies in Arabidopsis thaliana and other
higher-eudicot flowering plants have led to the development of
the ‘ABC’ model of the determination of organ identity in flowers,
in which three classes of gene, A, B and C, are thought to work
together to determine organ identity"?. According to this model,
the B-class genes APETALA3 (AP3) and PISTILLATA (PI) act to
specify petal and stamen identity. Here we test whether the roles
of these genes are conserved throughout the angiosperms by
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analysing the expression of AP3 and PI orthologues in the lower
eudicot subclass Ranunculidae. We show that, although expres-
sion of these orthologues in the stamens is conserved, the expres-
sion patterns in the petals differ from those found in the higher
eudicots. The differences between these expression patterns sug-
gest that the function of AP3 and P homologues as B-class organ-
identity genes is not rigidly conserved among all angiosperms.
These observations have important implications for understand-
ing the evolution of both angiosperm petals and the genetic
mechanisms that control the identities of floral organs.

The ABC model postulates that sepal identity is established by the
functions of A genes alone, petals by A and B, stamens by B and C,
and carpels by C function alone". Orthologous genes from the three
classes have been identified in Arabidopsis and Antirrhinum', and
subsequently in a number of other species, including Nicotiana
tabacum (tobacco), Solanum tuberosum (potato) and Petunia
hybrida (reviewed in ref. 3). The expression patterns and, where
examined, the function of these genes appear to be similar in all of
the species analysed™, leading to the suggestion that the ABC model
is conserved throughout the angiosperms’. However, all of the
species in which the ABC genes have been well analysed are members
of a monophyletic clade known as the higher eudicots. Although
this group contains the majority of angiosperm species, it does not
represent the full range of the flowering plants.

To assess the extent of conservation of the ABC model, we have
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Figure 1 Gene and species phylogenies. a, Simplified phylogeny showing the
relationships between Ranunculid species included in this study (based on ref.
22). Major events in the course of palaeo-AP3 and P/ gene evolution are shown.
Pap.: Papaveraceae; Fum.: Fumariaceae; Ran.: Ranunculaceae. b, Gene tree of
Ranunculid palaeo-AP3 and P/ lineage members based on parsimony analysis of
nucleotide sequence. The numbers next to the nodes give bootstrap values from
1,000 replicates. A single tree of 1,839 steps was generated. Each cDNA was
named using the first letter of the genus and species from which it was isolated
followed by either AP3 or P/, depending on its homology.
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