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Review Article

Untangling the tree or unravelling the consensus? Recent developments in the
quest to resolve the broad-scale relationships within Dinosauria

Jack Lovegrovea,b� , Paul Upchurcha and Paul M. Barretta,b

aDepartment of Earth Sciences, UCL, 5 Gower Place, London WC1E 6BS, UK; bFossil Reptiles, Amphibians and Birds Section,
Natural History Museum, Cromwell Road, London SW7 5BD, UK

(Received 28 November 2023; accepted 22 March 2024)

The phylogenetic relationships of the major lineages within Dinosauria have come under intense scrutiny in recent
years. In 2017, a radical new hypothesis of early dinosaur evolution, the ‘Ornithoscelida hypothesis’, was proposed,
prompting a flurry of work in this area. However, instead of untangling the phylogenetic tree of dinosaurs as hoped, this
further research unravelled the scientific consensus on dinosaur origins and their early relationships. Multiple hypotheses
have now been proposed, including several that position the ‘traditionally’ non-dinosaurian silesaurids within
Dinosauria. There is no sign of an emerging consensus, with all possible combinations of the three major dinosaur
clades (Ornithischia, Theropoda and Sauropodomorpha) having been recovered by recent phylogenetic analyses. The
existence of several ‘wildcard taxa’ and clades with uncertain affinities around the base of Dinosauria complicates
efforts to differentiate these hypotheses. Recent studies have suggested that the data sets used to investigate the
phylogenetic relationships of Dinosauria might be fatally flawed. The construction of new data sets with a stronger
focus on the logical underpinning of characters, in addition to the inclusion of newly described or redescribed taxa, will
likely hold the key to resolving this debate.
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Introduction

Dinosaurs (including their living representatives, birds)
are one of the most familiar and charismatic groups of
animals, and their fossil record has been the subject of
intense scrutiny (e.g. Agnolin et al., 2019; Barrett et al.,
2009; Butler et al., 2010; Cashmore & Butler, 2019;
Mannion & Upchurch, 2010; Upchurch et al., 2002,
2011). Despite this, many aspects of the clade’s early
evolutionary history remain shrouded in mystery, due to
a paucity of Middle and Late Triassic fossil sites, the
rarity of early dinosaur fossils, and disagreements over
the relationships of many early-occurring taxa (e.g.
Brusatte et al., 2010d; Langer et al., 2010, 2013;
Nesbitt, 2011; Norman et al., 2022). Although there has
been general agreement regarding dinosaur monophyly
and the interrelationships of the major dinosaur lineages
since the dawn of the cladistic era in the 1980s (Bakker
& Galton, 1974; Gauthier, 1986; Novas, 1996), recent
years have witnessed a proliferation of new phylogenetic
tree topologies for the clade that have challenged the
‘traditional’ consensus (Baron et al., 2017a; Cabreira
et al., 2016; �Cern�y & Simonoff, 2023; M€uller & Garcia,
2020; Parry et al., 2017). Establishing the interrelation-
ships of the major dinosaur lineages is central to

understanding the clade’s early evolutionary history
because a robust and stable phylogenetic tree provides a
framework for macroevolutionary analyses, including
those on evolutionary rates (Brusatte et al., 2010b,
2014), diversity and disparity (e.g. Barrett et al., 2009;
Brusatte et al., 2008; Butler et al., 2010; Upchurch
et al., 2011), body size (e.g. Benson et al., 2014, 2018)
and biogeography (e.g. Dunne et al., 2023; Lee et al.,
2019; Marsola et al., 2019), among many others, in add-
ition to forming the basis for understanding character
evolution in the clade (Nesbitt et al., 2009). The aim of
the current paper is not just to summarize the current
state of the debate but also to synthesize existing cri-
tiques of previous studies on dinosaur interrelationships.
Our goal is to evaluate the key barriers preventing a
consensus on early dinosaur phylogeny, and to identify
the lines of research that are likely to overcome these
barriers.

Institutional abbreviations

CPBA, C�atedra de Paleontologı�a de la Facultad de
Ciencias Exactas de la Universidad de Buenos Aires,
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Argentina; NHMUK, Natural History Museum, London,
United Kingdom; PVL, Colecci�on de Paleontologia de
Vertebrados de la Fundaci�on Instituto Miguel Lillo,
Tucum�an, Argentina; SAM-PK, Iziko South African
Museum, Cape Town, South Africa; UFSM,
Laborat�orio de Estratigrafia e Paleobiologia,
Universidade Federal de Santa Maria, Brazil.

A brief history of dinosaur classification

Dinosauria was erected in 1842 for an advanced sub-
order of reptiles, containing the genera Megalosaurus,
Iguanodon and Hylaeosaurus (Owen, 1842). Owen’s
proposal echoed that of von Meyer (1832), who had pre-
viously grouped Megalosaurus and Iguanodon into his
‘Pachypoda’ on the basis of similarities in their limb
anatomy, although von Meyer did not elaborate further.
Owen (1842, p. 103) mentioned von Meyer’s proposal
in a footnote, noted the absence of detail in the latter’s
publication, and went on to list numerous characters that
he regarded as unique to dinosaurs, which he considered
to be a ‘… distinct tribe, or suborder …’ (Owen,
1842, p. 103), based on their large body size and fea-
tures of the sacrum, ribs and hind limb. Hence, Owen
(1842) is almost universally credited with recognising
this group. However, it is unclear whether Owen consid-
ered the founding members of Dinosauria to be particu-
larly closely related. Although he included them within
the same order, which might imply that he regarded
them as a ‘natural’ group, Owen noted that
Megalosaurus was more similar to crocodiles in some
features and that Hylaeosaurus and Iguanodon were
more like lizards in others (Owen, 1842, pp. 111, 120).
Subsequently, the recognition of many more dinosaur

taxa during the mid-nineteenth century led to discussions
over their classification, with the proposal of numerous
subgroups or orders (e.g. Cope, 1866, 1867, 1869, 1883;
Huxley, 1870; Marsh, 1882). Cope (1869) divided dino-
saurs into three major groups, which were distinguished
primarily by features of the tibia and tarsus, though other
characters of the dentition and ilium were also considered:
Orthopoda (consisting of Hadrosauridae, Iguanodontidae
and Scelidosauridae); Goniopoda (containing
Megalosaurus, Poikilopleuron, ‘Laelaps’ and
‘Coelosaurus’); and Symphypoda (Compsognathus and
‘Ornithotarsus’ only). Huxley (1870) dismissed Cope’s
classification, citing conflicting patterns of tarsal fusion,
and proposed a different model, resulting in another tri-
partite subdivision. In Huxley’s (1870) scheme,
Dinosauria was divided into Megalosauridae (equivalent
to Goniopoda), Scelidosauridae and Iguanodontidae (for-
merly united in Orthopoda). Compsognathus longipes

was considered closely related to dinosaurs, but not refer-
able to any of its three component groups, and
he proposed the name Ornithoscelida for Dinosauria
plus Coelophysis (Huxley, 1870). Interestingly,
Euskelosaurus, Thecodontosaurus and Cetiosaurus,
which would later be placed in Sauropodomorpha (von
Huene, 1932), were initially distributed among these three
groups, being placed in Megalosauridae, Scelidosauridae
and Iguanodontiae, respectively (Huxley, 1870). Adding
further to the debate, Marsh (1877, 1878, 1881, 1882)
erected a plethora of dinosaurian orders and families
based on the new taxa being described from the western
USA, thereby providing many of the names in current
use. He elevated Dinosauria to a subclass containing five
orders (Marsh, 1882): Sauropoda, Stegosauria,
Ornithopoda, Theropoda and Hallopoda (for Hallopus,
now regarded as a crocodylomorph: Walker, 1970). Most
of these orders were similar in taxonomic content to those
proposed by Cope and Huxley, with the notable exception
of Sauropoda, which was recognised as a formal group
for the first time (Marsh, 1878). Following this work,
Cope (1883) emended his original classification to four
subdivisions: Orthopoda (Ornithopoda plus Stegosauria),
Goniopoda (¼ Theropoda), Opisthocoelia (¼ Sauropoda)
and Hallopoda.
Entering this debate, Seeley (1888a, 1888b) proposed

instead that dinosaurs should be classified into two dis-
tinct orders: the ‘lizard-hipped’ Saurischia and the ’bird-
hipped’ Ornithischia (see Table 1 for a summary of the
nomenclature prior to 1888). In addition to the most fre-
quently cited eponymous differences in pelvic morph-
ology, Seeley distinguished ornithischians from
saurischians on the basis of several other features: the
presence of vertebral pneumaticity in saurischians; dif-
ferences in basicranial morphology; and the frequent
possession of osteoderms in ornithischians (although
noting that they may be ‘so reduced as to be unrecog-
nisable’ in the latter: Seeley, 1888a, p. 171). Theropoda
and Sauropoda were included within Saurischia;
Ornithopoda and Stegosauria were included in
Ornithischia. This bipartite division was adopted by
other dinosaur workers and quickly became the consen-
sus view of higher-level dinosaur classification for
much of the twentieth century (e.g. Charig, 1982; von
Huene, 1914, 1932; Romer, 1945; Steel, 1969, 1970;
Weishampel et al., 1990, 2004), although Nopcsa (1901)
expressed a minority opinion that sauropods and ornithi-
schians formed a group separate from theropods (and
also, incidentally, produced the first branching diagrams
of dinosaur relationships, see Fig. 1). Palaeontologists
continued to discuss the exact composition of the vari-
ous dinosaur families throughout the twentieth century,
with Triassic taxa the subject of particularly intensive
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debate, but the basic saurischian/ornithischian dichotomy
was retained, with the only substantial modification
occurring when sauropodomorphs (sauropods plus
‘prosauropods’) were recognised as a distinct group that
was part of Saurischia (Charig et al., 1965; von Huene,
1932). For most of the twentieth century, it was thought
that the two dinosaur orders were descended from dif-
ferent ‘thecodont’ ancestors (¼ polyphyletic, in cladistic
parlance) (e.g. Charig, 1976; von Huene, 1914; Romer,
1945; Seeley, 1888a; Thulborn, 1975). However, the
advent of cladistic methodology in the 1960s–1970s led
some palaeontologists to propose new classifications
based on patterns of common ancestry rather than phe-
netic resemblance. Bakker and Galton (1974) were the
first to propose that dinosaurs were monophyletic, itself
a revolutionary idea (see Charig, 1976; Thulborn, 1975),
but this study also identified various features (related
primarily to herbivory) that seemed to undermine the
‘traditional’ dichotomy, leading to the suggestion that
sauropodomorphs were allied with ornithischians, rather
than theropods, breaking Saurischia apart (see also
Bonaparte, 1976; Nopcsa, 1901). This hypothesis, with
its ornithischian/sauropodomorph clade that was later
dubbed Phytodinosauria (Bakker, 1986), was developed
further by Paul (1984) who suggested that ‘segnosaurs’
(¼ therizinosaurs) bridged the morphological gap
between sauropodomorphs and ornithischians. Cooper
(1985) also proposed a sister-group relationship between
sauropodomorphs (termed Pachypodosauria) and ornithi-
schians, which he united in Ornithischiformes. However,
the ‘phytodinosaur’ hypothesis was rejected by most of
the phylogenetic analyses carried out in the 1980s–
2010s, not least as the discovery of new, well-preserved
therizinosaur material showed that these animals were
deeply nested within Theropoda (e.g. Clark et al., 1994;

Xu et al., 1999). The application of formal cladistic
analyses to palaeontology during the 1980s–1990s con-
firmed dinosaur monophyly, and the fundamental basal
divergence into monophyletic ornithischian/saurischian
lineages remained the accepted view of dinosaur rela-
tionships (e.g. Gauthier, 1986; Novas, 1996). Some
studies even tested the internal relationships of the two
clades separately, based on the assumption of mono-
phyly (e.g. Gauthier, 1986; Maryanska & Osm�olska,
1985; Norman, 1984; Sereno, 1984, 1986).
Subsequent phylogenetic studies of early dinosaurs,

and archosaurs more broadly, continued to support (or
assume) the Ornithischia/Saurischia basal dichotomy
(e.g. Langer & Benton, 2006; Langer et al., 2010;
Nesbitt et al., 2009; Sues et al., 2011; Yates, 2003).
However, these studies often used only a single out-
group and rarely evaluated the statistical support for the
relationships recovered (Langer & Benton, 2006; Nesbitt
et al., 2009). The taxonomic sampling of these data sets
was also problematic, being heavily dominated by sauri-
schians, with ornithischians represented by only one or
two early-branching taxa (usually Lesothosaurus and/or
Pisanosaurus) (Nesbitt et al., 2009; Sues et al., 2011) or
a supraspecific ‘Ornithischia’ operational unit (Langer
& Benton, 2006; Yates, 2003). Many of the ornithis-
chian characters coded into these analyses were either
dinosaur symplesiomorphies or putative synapomorphies
supporting ornithischian monophyly (Baron et al.,
2017a; Langer et al., 2010; Nesbitt et al., 2009; Padian,
2012). Using a supraspecific ‘Ornithischia’ operational
taxonomic unit (OTU) is problematic for other reasons
also, as it relies on assumptions about ornithischian
monophyly and character polarity that may be incorrect
(see Prendini, 2001 for a discussion of these issues). As
a result, these studies made several untested assumptions

Figure 1. The earliest attempts at visualizing dinosaur relationships using a branching tree from Nopcsa (1901). A, Nopcsa’s
reconstruction of the internal relationships of Ornithischia; B, Nopcsa’s reconstruction of the internal relationships of Theropoda; and
C, Nopsca’s reconstruction of the phylogenetic relationships of dinosaurs and birds.
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about character state evolution in early dinosaurs and
ignored the possibility that characters shared between
ornithischians and theropods might be homologous, such
as the theropod-like manus (hand) morphology of the
ornithischian Heterodontosaurus (Baron et al., 2017a;
Galton, 2014; Norman et al., 2011). These issues heav-
ily biased these studies towards recovering the
Saurischia-Ornithischia status quo.

The modern Ornithoscelida hypothesis and
its aftermath

In 2017, a new hypothesis of dinosaur evolution proposed
a tree topology that conflicted with the long-established
saurischian/ornithischian dichotomy (Baron et al., 2017a).
Theropoda was recovered outside Saurischia, so that the
latter clade, although monophyletic, was composed solely
of SauropodomorphaþHerrerasauridae. In turn, this
more restricted version of Saurischia was proposed
as the sister group of a new clade, composed of
TheropodaþOrnithischia, for which the name
Ornithoscelida Huxley, 1870 was resurrected. This new
topology (see Fig. 2), termed the ‘Ornithoscelida

hypothesis’ hereafter, was recovered using the largest
early dinosaur data set then available, which contained
457 characters and 75 taxa, including 14 ornithischians,
providing the first large sample of that clade in such a
data set, and a range of outgroups (Baron et al., 2017a).
Ornithoscelida was well supported by this analysis with a
Bremer support value of 4, as were Ornithischia (Bremer
support 4), and Theropoda, Sauropodomorpha, and
Herrerasauridae (Bremer supports of 3). More poorly sup-
ported clades included Saurischia (Bremer support 2), a
Dinosauriaþ Silesauridae clade (Bremer support 2), and
Dinosauria itself (Bremer support 1). However, the low
support recovered for Dinosauria and Saurischia was
found to be caused by a small number of fragmentary
early-branching taxa: when these taxa were removed from
the data set, these clades were better supported (Bremer
support values of 3 and 4, respectively) (Baron et al.,
2017a). Nevertheless, several ‘wildcard’ taxa continue to
frustrate attempts to build consensus around early dino-
saur relationships. A good example is Agnosphitys crom-
hallensis, from the Late Triassic of the UK, which has
been variously identified as a non-dinosaurian dinosauri-
form (Fraser et al., 2002), a theropod (Yates, 2007a), the
earliest-diverging sauropodomorph (Ezcurra, 2010), and
most recently a silesaurid (Baron et al., 2017a).

Figure 2. The ’Ornithoscelida’ hypothesis represented as both a time-scaled phylogeny based on the tree from Baron et al. (2017a)
(A) and as a simplified topology highlighting the relationships between major clades (B). Major clades represented by silhouettes are:
Silesauridae (pink), Sauropodomorpha (blue), Ornithischia (green), and Theropoda (orange). Silhouettes sourced from phylopic.org:
Asilisaurus kongwe by Scott Hartman attribution 3.0 unported edited (pink), Riojasaurus incertus by Tasman Dixon CC0 1.0 license
(blue), Scutellosaurus lawleri by Scott Hartman public domain mark 1.0 (green), and Dilophosaurus wetherilli by Tasman Dixon
CC0 1.0 license (orange). Time-scaled phylogeny generated using the R package strap (Bell & Lloyd, 2015).
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The Ornithoscelida hypothesis kickstarted a fierce sci-
entific debate over the phylogenetic relationships within
Dinosauria. Although the Baron et al. (2017a) data set
was lauded for the breadth of taxa sampled and the
wealth of characters coded, its conclusions were chal-
lenged and have not been widely accepted (e.g.
Goloboff & Sereno, 2021; Langer et al., 2017). A
derivative study used an expanded data set, with nine
additional taxa, and extensive character state re-scorings,
with c. 2500 character states (�10%) of the original
data set rescored and 68 out of the 75 taxa at least par-
tially rescored (Langer et al., 2017). These extensive re-
scorings led this study to recover the ‘traditional’
Ornithischia/Saurischia dichotomy (see Fig. 3) (Langer
et al., 2017). The Langer et al. study also proposed that
the synapomorphies of Ornithoscelida identified by
Baron et al. (2017a) were better optimized as a mixture
of dinosaurian symplesiomorphies, character states
acquired convergently by ornithischians and theropods,
and character states with more complex distributions
(Langer et al., 2017). In turn, the character re-scorings
of Langer et al. were challenged by the original authors
of the data set (Baron et al., 2017b). Moreover, when
Templeton tests were applied to the two competing top-
ologies, it was found that there was no statistical

difference between support for the Ornithoscelida and
‘traditional’ hypotheses, with the latter being only two
steps shorter than the Ornithoscelida topology (Langer
et al., 2017). In addition, the Phytodinosauria hypothesis
(Bakker, 1986; Cooper, 1985) was recovered as only
four steps less parsimonious than the ‘traditional’ tree
(Langer et al., 2017). As all possible arrangements of
the three major dinosaur clades are almost equally parsi-
monious this demonstrates that the early evolutionary
history of the group remains unsettled and should be
regarded as an open question.
All the aforementioned analyses were conducted using

maximum parsimony, but this is not the only method
for generating phylogenetic trees from morphological
data, and alternative Bayesian analyses were also used
to test the Ornithoscelida hypothesis (Parry et al., 2017).
Bayesian methods consistently recovered a monophy-
letic Ornithoscelida, even when using the heavily modi-
fied Langer et al. (2017) data set that supported the
‘traditional’ hypothesis under maximum parsimony
(Parry et al., 2017). Once again, a small number of
enigmatic ‘wildcard’ taxa were placed in unexpected
locations in the trees generated. In particular, the dino-
sauriform Saltopus elginensis, usually considered to be
earlier branching (with respect to dinosaurs) than

Figure 3. The ’traditional’ hypothesis represented as both a time-scaled phylogeny based on the tree from Langer et al. (2017) (A)
and as a simplified topology highlighting the relationships between major clades (B). Major clades represented by silhouettes are:
Silesauridae (pink), Sauropodomorpha (blue), Ornithischia (green), and Theropoda (orange). Silhouettes sourced from phylopic.org:
Asilisaurus kongwe by Scott Hartman attribution 3.0 unported edited (pink), Riojasaurus incertus by Tasman Dixon CC0 1.0 license
(blue), Scutellosaurus lawleri by Scott Hartman public domain mark 1.0 (green), and Dilophosaurus wetherilli by Tasman Dixon
CC0 1.0 license (orange). Time-scaled phylogeny generated using the R package strap (Bell & Lloyd, 2015).
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silesaurids (Benton & Walker, 2010; Langer et al.,
2013; Nesbitt, 2011), was recovered as the sister taxon
of Dinosauria (Parry et al., 2017). Although this unex-
pected result was poorly supported, it highlights how
the uncertainties surrounding early dinosaur relation-
ships extend to other early-branching avemetatarsalians.
The Parry et al. (2017) study also tested the effects of
partitioning character data by both skeletal region (e.g.
cranial, postcranial) and origin (e.g. a novel character vs
a character from a previous study). Anatomical parti-
tioning was conducted because it has been shown that
craniodental characters can recover tree topologies that
differ from those produced by postcranial characters,
and that dental characters may be less phylogenetically
informative than other osteological characters (Mounce
et al., 2016; Sansom et al., 2017). Moreover, partition-
ing the data into novel vs legacy characters can demon-
strate the impact of the former on the recovered
topology (Parry et al., 2017). However, no matter which
partitions were excluded or included, the fundamental
ornithoscelidan topology was recovered in each case,
although individual partitions failed to completely
resolve the majority of nodes or clades (Parry et al.,
2017). These results suggest that support for the
‘Ornithoscelida hypothesis' is based on character states
that are distributed across the entire skeleton, but that
this signal is not strong enough within individual parti-
tions to resolve the phylogeny. Although the novel char-
acters included in the analyses by Baron et al. (2017a)
were not needed to recover Ornithoscelida, they were
found to increase resolution within Dinosauromorpha
(Parry et al., 2017). These findings suggest that more
extensive character sampling from across the entire skel-
eton and the development of novel characters will be
key tools in the quest to unravel the early evolutionary
history of dinosaurs.

The herrerasaurid question

One aspect of early dinosaur evolution that warrants
detailed consideration is the position of the clade
Herrerasauridae. Gnathovorax cabreirai from the Carnian-
aged Santa Maria Formation of Brazil can be considered an
archetypal herrerasaurid, a 2–3 m long bipedal carnivore
with recurved, serrated teeth and well-developed clawed
hands (Pacheco et al., 2019). The clade’s eponym,
Herrerasaurus ischigualastensis, reached lengths of �6 m
and was one of the largest, most abundant predators within
its ecosystem (Rogers et al., 1993; Sereno & Novas, 1992).
Herrerasaurids represent Dinosauria’s first invasion of the
large predator niche, which theropods occupied for the rest
of the Mesozoic. Many fragmentary and/or problematic

taxa have been assigned to Herrerasauridae and, if taken at
face value, these might suggest that the clade had a near--
global distribution and a temporal range that extended into
the Norian (Baron & Williams, 2018; Cau, 2018; Griffin
et al., 2022; Nied�zwiedzki et al., 2014; Novas et al., 2021).
The clade Herrerasauridae is defined as ‘Herrerasaurus,
Staurikosaurus, their most recent common ancestor plus all
of its descendants’ (Langer et al., 2010, p. 66); however, it
is possible that some of the problematic taxa referred to
above actually fall outside Herrerasauridae sensu stricto, in
which case it would be more appropriate to refer to the
stem-based (sometimes referred to as branch-based) clade
Herrerasauria, ‘All dinosaurs that share a more recent com-
mon ancestor with Herrerasaurus than with Liliensternus
and Plateosaurus’ (Langer et al., 2010, p. 66), as proposed
by Baron and Williams (2018).
Herrerasaurids are unusual among early dinosaurs in

being recovered frequently as a clade rather than as suc-
cessive outgroups to other dinosaur lineages (e.g.
Alcober & Mart�ınez, 2010; Baron & Williams, 2018;
Pacheco et al., 2019), although the synapomorphies unit-
ing this clade have varied drastically between analyses
(Alcober & Mart�ınez, 2010; Garcia et al., 2021; Langer
& Benton, 2006; Novas, 1994). The phylogenetic pos-
ition of herrerasaurids is, therefore, a key part of the
puzzle when considering dinosaur intrarelationships
(Baron & Williams, 2018). Unfortunately, the phylogen-
etic affinities of herrerasaurids have proved exception-
ally problematic, with the clade being recovered as the
sister group to Dinosauria (e.g. Baron & Williams,
2018; Fraser et al., 2002), as early-diverging theropods
(e.g. Ezcurra & Novas, 2007; Sereno, 1999), as the sis-
ter group of Theropodaþ Sauropodomorpha within
Saurischia (e.g. Ezcurra, 2006; Langer & Benton, 2006),
and in an unresolved relationship with both theropods
and sauropodomorphs (Langer et al., 2017). Under the
Ornithoscelida hypothesis, herrerasaurids remain in
Saurischia as the sister clade of Sauropodomorpha alone
(Baron et al., 2017a). The previous recovery of herrera-
saurids as within, or closely related to, Theropoda was
suggested to result from the convergent acquisition of
hypercarnivory in the early evolution of both clades
(Baron et al., 2017a). A variation on the Ornithoscelida
hypothesis has also been proposed in which herrerasaur-
ids are the sister group to Dinosauria, but with the unex-
pected inclusion of the enigmatic taxon Saltopus
elginensis, from the Carnian of Scotland, in
Herrerasauridae (Baron & Williams, 2018). This top-
ology, if correct, would dramatically increase the poten-
tial geographical and size ranges of the clade’s members
(Baron & Williams, 2018). With the description of the
exceptionally complete Gnathovorax cabreirai (Pacheco
et al., 2019) and the unnamed large but fragmentary
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UFSM 11330 from the Carnian of Brazil (‘large
Saturnalia’: Garcia et al., 2021) a wealth of new infor-
mation on herrerasaurid morphology has become avail-
able in recent years. Some of this suggests unusual
character distributions across Avemetatarsalia: for
example, Gnathovorax possesses a foramen on the
ischium that is also found in the lagerpetid Ixalerpeton
polesinensis (Garcia et al., 2021). Much of this new
morphological data has yet to be incorporated into
broader-scale studies of dinosaur interrelationships, des-
pite its potential impact on the position of herrerasaurids
within Dinosauria and on the position of other avemeta-
tarsalian clades relative to Dinosauria.

Ornithischian silesaurids

One of the biggest mysteries surrounding the early evo-
lution of dinosaurs is the cause of the ‘ornithischian
gap’ or ‘ornithischian crisis’. These terms refer to a
clear hiatus, in both time and morphology, between the
earliest-known dinosaurs and the earliest-known ornithi-
schians (e.g. Baron, 2019; Butler et al., 2007; Irmis
et al., 2007b; Padian, 2012). A review of Late Triassic
ornithischians found that out of 24 proposed occurrences
(many of which were isolated teeth), only three could
confidently be assigned to Ornithischia (Irmis et al.,
2007b): Pisanosaurus mertii (PVL 2577); SAM-PK-
K8025 (later described as Eocursor parvus: Butler
et al., 2007); and CPBA-V-14091 an isolated heterodon-
tosaurid maxilla from Argentina. However, the latter
two specimens have since been re-dated to Early
Jurassic in age, leaving P. mertii as the sole Late
Triassic ornithischian (Olsen et al., 2010). Proposed
explanations for this gap have included: misidentifica-
tion of early ornithischians as members of different
dinosauriform clades (Padian, 2012); exceptional rarity
of ornithischians until their diversification in the Early
Jurassic (Agnolin & Rozadilla, 2017; Butler et al.,
2017); nesting of Ornithischia within another dinosaur-
ian clade (Baron, 2019); or that the early evolution of
ornithischians occurred in regions where the Late
Triassic fossil record is poorly sampled or absent
(Bordy et al., 2020). However, as the post-
Ornithoscelida debate continued, a new hypothesis of
early dinosaur relationships was proposed that would
effectively close the ornithischian gap.
The most recent hypothesis of early dinosaur relation-

ships focusses not on the three major dinosaur clades,
but on a relatively recently discovered clade of dino-
sauriformes, the Silesauridae (Nesbitt et al., 2010). This
clade was initially identified as the sister group to
Dinosauria and described on the basis of five taxa:

Silesaurus opolensis (Dzik, 2003), Asilisaurus kongwe
(Nesbitt et al., 2010), Eucoelophysis baldwini (Ezcurra,
2006), Sacisaurus agudoensis (Ferigolo & Langer,
2007), and Lewisuchus admixtus/Pseudolagosuchus
major (Agnol�ın et al., 2022; Ezcurra & Martinez, 2016;
Ezcurra et al., 2020b) (NB, Pseudolagosuchus major is
widely considered synonymous with Lewisuchus admix-
tus: e.g. Agnol�ın et al., 2022; Ezcurra et al., 2020a).
The number of taxa assigned to the clade has increased
rapidly in the past decade, based on newly discovered
or re-identified specimens including Kwanasaurus wil-
liamparkeri and Amanasaurus nesbitti (Martz & Small,
2019; M€uller & Garcia, 2023), resulting in as many as
12 named silesaurid taxa in some recent phylogenetic
analyses (Mestriner et al., 2023; M€uller & Garcia, 2020;
Norman et al., 2022).
Silesaurids possessed a unique bauplan, involving a

combination of gracile, elongate limbs, a quadrupedal
stance, and ‘beaked’ lower jaws (Langer et al., 2013;
Nesbitt et al., 2010). They appeared in Gondwanan fau-
nas in the Middle Triassic and achieved a near-global
distribution in the Late Triassic (Langer et al., 2013;
Norman et al., 2022). The potentially Anisian age of
Asilisaurus kongwe and Lutungutali sitwensis would
make them (along with the coeval potential dinosaur
Nyasasaurus) the earliest known dinosauriforms (Nesbitt
et al., 2010, 2013; Peecook et al., 2013), although recent
dating studies suggest they might be Carnian in age
(Marsicano et al., 2016; Peecook et al., 2017).
Silesaurids are interesting for their ecological variability,
possibly having undergone a transition from carnivory
to herbivory/omnivory (Barrett et al., 2010; Kubo &
Kubo, 2014; Nesbitt et al., 2010), and for their anatom-
ical novelty, with some possessing a hooked mandibular
beak that might be homologous with the predentary
bone, whose recognition led to the initial suggestion that
they might have been ornithischians (Ferigolo &
Langer, 2007). These dietary and anatomical transitions
are similar to those predicted to occur in the earliest
ornithischians, and the temporal ranges of most sile-
saurid taxa (Carnian–Norian) are close to the predicted
age of the most recent common ancestor of ornithi-
schians (Boyd, 2015; Irmis et al., 2007b). Two putative
Late Triassic ornithischians, Pisanosaurus mertii and
Technosaurus smalli, have recently been re-classified as
silesaurids by some authors (Agnolin & Rozadilla,
2017; Martz et al., 2012), emphasizing the similarities
between these clades.
Pisanosaurus mertii has long been considered crucial

to understanding early dinosaur evolution (Bonaparte,
1976; Irmis et al., 2007b; Norman et al., 2004), so its
proposed referral to Silesauridae is highly significant.
Pisanosaurus mertii was initially described as the oldest
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known ornithischian based on PVL 2577, a single
articulated (but incomplete) specimen that was exten-
sively weathered prior to discovery (Bonaparte, 1976;
Casamiquela, 1967). Crucially, the pelvis is preserved
largely as natural moulds which are difficult to interpret,
leading to much debate, not just over its morphology
but also regarding which surface of the pelvis (medial
or lateral) is actually preserved (Agnolin & Rozadilla,
2017; Bonaparte, 1976). Furthermore, the combination
of an unusually derived dental morphology and a plesio-
morphic ‘non-dinosaurian’ hind limb in P. mertii has
led to the suggestion that the material is chimeric
(Norman et al., 2004, 2011; Sereno, 1991), although this
hypothesis is at odds with the holotype’s articulated
state as described and figured in the original description
(Casamiquela, 1967). As noted above, Pisanosaurus
mertii was recently considered not only the world’s old-
est ornithischian but also the only Triassic one (Olsen
et al., 2010). Unexpectedly, P. mertii was recovered as
a silesaurid during the debate over early dinosaur rela-
tionships (Baron et al., 2017b). At approximately the
same time, a thorough re-description of the available
material was published (Agnolin & Rozadilla, 2017)
that identified several synapomorphies of Silesauridae, a
clade that was unknown at the time of P. mertii’s initial
description (Bonaparte, 1976; Casamiquela, 1967). This
new placement of Pisanosaurus was also recovered by a
subsequent study that noted that this reinforced the
‘ornithischian gap’: as silesaurids were initially regarded
as non-dinosaurs (e.g. Nesbitt, 2011), the removal of
Pisanosaurus from Ornithischia had the consequence of
removing all definitive ornithischians from the record
until the Early Jurassic (Baron, 2019). Nevertheless, it
should be noted that this hypothesis has not been uni-
versally accepted, with some authors maintaining that
the silesaurid features seen in P. mertii are plesiomor-
phic for dinosauriformes (Desojo et al., 2020).
However, subsequent work has suggested that
Pisanosaurus, and silesaurids more generally, might
reduce or even eliminate the ‘ornithischian gap’.
The idea that silesaurids were early ornithischians,

rather than non-dinosaur dinosauriforms, was proposed
before Silesauridae had been formally defined (Ferigolo
& Langer, 2007). This ‘ornithischians as silesaurids’
hypothesis was based purely on anatomical similarities
rather than a phylogenetic analysis (Ferigolo & Langer,
2007). Most of the formative phylogenetic analyses on
silesaurid relationships placed them as the sister group
to dinosaurs (Baron et al., 2017a; Brusatte et al., 2010a;
Nesbitt, 2011; Nesbitt et al., 2010). However, other top-
ologies have been recovered in which silesaurids were
split, with some taxa forming a small clade at the base
of Ornithischia, while other taxa referred to the group

were placed among a polytomy of non-dinosaurian dino-
sauriforms instead (Langer & Ferigolo, 2013). Initially,
only three silesaurids (Sacisaurus agudoensis, Diodorus
scytobrachion and Silesaurus opolensis) were placed
within Ornithischia, but later analyses increased the
number of taxa within this ‘ornithischian silesaurid’
clade (Cabreira et al., 2016; Pacheco et al., 2019).
When the new interpretations of Pisanosaurus mertii
and Technosaurus smalli were included alongside a
wider sample of early-branching dinosauromorphs, a
new variation of this topology was recovered, with the
silesaurid clade collapsing into a paraphyletic grade at
the base of Ornithischia (see Fig. 4) (M€uller & Garcia,
2020; Norman et al., 2022). These new topologies were
accompanied by the resurrection of some historical taxo-
nomic names to reflect clades recovered by the ornithis-
chian silesaurid hypothesis – for example, Prionodontia
for the clade uniting thyreophorans and neornithischians,
which is equivalent to the clade Genasauria within
‘traditional’ Ornithischia (Norman et al., 2022).

Other developments in Avemetatarsalia

Although the focus of this review is the debate around
the internal relationships of Dinosauria, it is necessary
to consider developments in our understanding of archo-
saur phylogeny as a whole. The emergence of the
‘ornithischian silesaurid’ hypothesis demonstrates that
the early evolutionary history of Dinosauria cannot be
studied without examining the phylogenetic relationships
of other avemetatarsalian (‘bird-line’) archosaur clades
(Brusatte et al., 2010a; M€uller & Garcia, 2020; Nesbitt,
2011; Nesbitt et al., 2017a; Norman et al., 2022). If one
were to examine Middle Triassic faunas, ignoring each
clade’s later successes or failures, the earliest dinosaurs
would be seen to represent just one lineage among a
diverse radiation of avemetatarsalian groups (see Fig. 5)
(Padian, 2012). Our understanding of this radiation has
expanded exponentially in recent years, with several
new clades being discovered (Nesbitt et al., 2010,
2017a), and a clear division between ‘pterosaur line’
and ‘dinosaur line’ avemetatarsalians is starting to
appear (see Fig. 5) (Ezcurra et al., 2020a; Foffa et al.,
2022). Our rapidly changing understanding of non-dino-
saurian avemetarsalians potentially impacts the phylo-
genetic relationships within Dinosauria. Anatomical
characteristics that were thought to be derived dinosaur-
ian traits have now been found to have more complex
distributions across Avemetatarsalia, challenging previ-
ous ideas of character polarity and of homoplasy vs syn-
apomorphy (M€uller et al., 2023; Nesbitt et al., 2017a).
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Several new clades of avemetatarsalians have been
described in recent years, for example Aphanosauria
(Nesbitt et al., 2017a). Members of Aphanosauria had
been known for decades, but it was not until the formal
description of NHMUK PV R6795 as the holotype of
Teleocrater rhadinus that they were united in a mono-
phyletic group positioned close to the root of
Avemetatarsalia. The clade includes T. rhadinus as well
as the fragmentary and problematic taxa Spondylosoma
absconditum, Yarasuchus deccanensis and Dongosuchus
efremovi (Galton, 2000; Nesbitt et al., 2017a, 2017b;
Nied�zwiedzki et al., 2016; Sen, 2005). These taxa were
non-cursorial quadrupedal carnivores, a bauplan more
typical of early-branching archosaurs or pseudosuchians,
and the clade appears to have had a near-global distribu-
tion during the Middle Triassic, but to have disappeared
by the Late Triassic (Nesbitt et al., 2017a; although
these dates are debated, see above). The unusual anat-
omy of aphanosaurs combines a plesiomorphic, pseudo-
suchian-like body plan with anatomical features (such as
a supratemporal fossa on the frontal) that had previously
been considered dinosaur synapomorphies (Nesbitt
et al., 2017a, 2017b). The status of aphanosaurs as the
earliest-diverging avemetatarsalians was short lived,

however, being usurped by Mambachiton fiandohana
from Madagascar just five years later (Nesbitt et al.,
2023). Mambachiton is notable not only for being the
earliest-diverging avemetatarsalian (see Fig. 5) but also
for possessing an extensive array of dorsal osteoderms
reminiscent of those seen in stem archosaurs and pseu-
dosuchians (Nesbitt et al., 2023). The discovery of these
early-diverging avemetatarsalians fundamentally changes
our understanding of character evolution in bird-line
archosaurs, challenging the assumption that avemetatar-
salians were ancestrally cursorial and lacked osteoderms:
this shifts the acquisition of these elements of the ances-
tral dinosaurian bauplan tipward in the phylogenetic tree
(Nesbitt et al., 2017a, 2023). In addition to the discov-
ery of new clades and taxa, the shifting phylogenetic
positions of long-established clades within
Avemetatarsalia can also impact our understanding of
early dinosaur evolution. A good example of this is
another major group of early avemetatarsalians, the
lagerpetids. In recent years, lagerpetids have experienced
a substantial increase in both the number of named taxa,
e.g. Maehary bonapartei, Kongonaphon kely and
Venetoraptor gassenae (Kammerer et al., 2020; Kellner
et al., 2022; M€uller et al., 2023), and the amount of

Figure 4. The ’Ornithischian silesaur’ hypothesis represented as both a time-scaled phylogeny based on the tree from M€uller and
Garcia (2020) (A) and as a simplified topology highlighting the relationships between major clades (B). Major groups represented by
silhouettes are: silesaurids (recovered as a paraphyletic grade in this analysis) (pink), Sauropodomorpha (blue), Ornithischia (green),
and Theropoda (orange). Silhouettes sourced from phylopic.org: Asilisaurus kongwe by Scott Hartman attribution 3.0 unported edited
(pink), Riojasaurus incertus by Tasman Dixon CC0 1.0 license (blue), Scutellosaurus lawleri by Scott Hartman public domain mark
1.0 (green), and Dilophosaurus wetherilli by Tasman Dixon CC0 1.0 license (orange). Time-scaled phylogeny generated using the R
package strap (Bell & Lloyd, 2015).
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described material (e.g. the first described braincase
from the clade: Bronzati et al., 2023). Lagerpetids are
small-bodied, cursorial ornithodirans known from
Ladinian–Rhaetian-aged deposits from across Gondwana
and Laurasia (Ezcurra et al., 2020a; Foffa et al., 2022;
Langer et al., 2013). Renewed interest in the clade was
sparked by their recovery as the sister group to pterosaurs
(in the clade Pterosauromorpha) in some analyses (M€uller
et al., 2018; Ezcurra et al., 2020a; Foffa et al., 2022).
This shifted lagerpetids from their long-established pos-
ition as ‘dinosaur line’ avemetatarsalians (Baron et al.,
2017a; Nesbitt, 2011; Nesbitt et al., 2017a; Padian, 2012;
and references therein) to ‘pterosaur line’ avemetatarsali-
ans, which has important implications for our understand-
ing of character evolution around the origin of dinosaurs,
and may in turn impact our understanding of higher-level
dinosaur relationships. The increase in described material

and taxa has helped settle several debates regarding lager-
petid anatomy but has also created new ones. For
example, the locomotor style of lagerpetids had been
reconstructed as bipedal (Irmis et al., 2007a; Kammerer
et al., 2020; Sereno & Arcucci, 1994), quadrupedal
(Demuth et al., 2023), facultatively bipedal (Foffa et al.,
2022), and indeterminate (Pintore et al., 2022). The dis-
covery of the first well-preserved lagerpetid manus,
belonging to Venetoraptor gassenae, has confirmed that
at least some lagerpetids were bipedal (M€uller et al.,
2023) and had well-developed grasping hands, a feature
previously thought to have been acquired by the earliest
dinosaurs and possibly giving them an evolutionary
advantage over other Triassic archosaur groups (Baron
et al., 2017a; M€uller et al., 2023). The presence of grasp-
ing hands in this lagerpetid suggests that this feature may
have had a deeper evolutionary origin within

Figure 5. A phylogenetic tree of Avemetatarsalia with Pseudosuchia as an outgroup. Based on the topology from Nesbitt et al.
(2023). Silhouettes sourced from phylopic.org: Asilisaurus kongwe by Scott Hartman attribution 3.0 unported edited (pink), Columba
by Ferran Sayol CC0 1.0 (blue), Peteinosaurus zambellii by Tasman Dixon CC0 1.0 (yellow), Ixalerpeton polesinensis by Scott
Hartman attribution 3.0 unported edited (orange), Teleocrater rhadinos by Scott Hartman attribution 3.0 unported edited (blue), and
Alligator missisipensis by Ferran Sayol CC0 1.0 (green).
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Avemetatarsalia than previously thought (M€uller et al.,
2023). Whether the grasping hands of lagerpetids are
homologous with those of early dinosaurs or a case of
convergence has yet to be tested, but it is clear that lager-
petids must be considered during discussions of early
dinosaur evolution, even if the clade is the sister group to
pterosaurs rather than dinosaurs.

The importance of re-evaluating named
taxa

Several early dinosaur taxa that might provide vital
phylogenetic information have been described in recent
years, including the sauropodomorph Mbiresaurus raathi
and the theropod Notatesseraeraptor frickensis (Griffin
et al., 2022; Zahner & Brinkmann, 2019). It is easy to
assume that palaeontological debates can only be
answered by the discovery of new fossils like these.
Increasingly, however, the importance of better character
creation, character coding, and re-interpretations of key
taxa is being recognised (Baron, 2022; Brazeau, 2011;
M€uller & Dias-da-Silva, 2019; Sereno, 2007). Several
taxa that are key to the debates over early dinosaur evo-
lution and avemetatarsalian interrelationships have
recently received detailed re-descriptions, including the
perennially problematic Scleromochlus taylori (Foffa
et al., 2022) and the early-branching thyreophorans
Scutellosaurus lawleri (Breeden et al., 2021) and
Scelidosaurus harrisonii (the latter taking an extraordin-
ary 160 years to receive a detailed anatomical descrip-
tion; Norman, 2020a, 2020b, 2020c). Scleromochlus
taylori has been re-described twice recently, one propos-
ing a radical re-interpretation of the taxon as a frog-like
saltator (Bennett, 2020) and the other (based on exten-
sive computed tomographic (CT) scanning) recovering it
as the earliest-diverging lagerpetid (Foffa et al., 2022,
2023). The new interpretation of Scleromochlus taylori
as an early lagerpetid provides an abundance of morpho-
logical reference data enabling important characters to
be compared across Pterosauromorpha, improving the
diagnostic power and optimization of these characters
(Foffa et al., 2022, 2023).
A good example of the importance of re-examining

and re-interpreting known early dinosaur taxa is
Eoraptor lunensis, from the late Carnian–early Norian
Ischigualasto Formation of Argentina, which was ini-
tially described as the earliest-branching theropod
(Sereno et al., 1993). Subsequently, two schools of
thought developed, with some studies continuing to
recover Eoraptor as a theropod (Nesbitt et al., 2009;
Tykoski, 2005), and others finding it to be an early-
diverging saurischian (Brusatte et al., 2010d; Langer &

Benton, 2006; Langer et al., 2010). The description of
another Ischigualasto Formation dinosaur, Eodromaeus
murphi, led to a drastic reinterpretation of E. lunensis as
an early-branching sauropodomorph (Martinez et al.,
2011). A detailed osteological description of E. lunensis,
based on the now fully prepared holotype, as well as
additional referred specimens, revealed key sauropodo-
morph synapomorphies, including a distinct ‘twisted’
proximal phalanx of manus digit 1 so that the tip of the
ungual is turned inwards, cementing its position as an
early sauropodomorph (Sereno et al., 2012). The chang-
ing phylogenetic position of E. lunensis demonstrates
how even taxa known from exceptionally well-preserved
specimens may need detailed re-interpretation and re-
examination. The affinities of several important taxa
remain heavily debated, such as Chilesaurus diegosuar-
ezi, which is recovered as either an aberrant tetanuran
theropod (Baron, 2022; Chimento et al., 2017; Novas
et al., 2015), a very early-diverging ornithischian (Baron
& Barrett, 2017, 2018; M€uller & Dias-da-Silva, 2019),
or a sauropodomorph (M€uller et al., 2018): detailed re-
examination and description of such taxa is an obvious
avenue for future work.

An insoluble problem?

The collapse of the consensus around dinosaur origins
‘post-Ornithoscelida’ and the resulting proliferation of
alternative hypotheses around broad-scale dinosaur rela-
tionships might lead to the suggestion that this is an
intractable problem: the question – ‘How are the major
clades of dinosaur related?’ – may be one without
answer. The earliest divergences within Dinosauria
might be a ‘hard polytomy’ of the type proposed (by
some authors) to exist at the base of Neoaves (Suh,
2016). This might be the case if the diversification of
the earliest dinosaurs was extremely rapid, as some have
suggested during the radiation of Neoaves after the K–
Pg boundary (Suh, 2016), making it impossible to tease
apart the internal relationships of the clade. Even with
extensive molecular data sets, one neoavian taxon in
particular, the hoatzin (Opisthocomus hoazin), has
proved exceptionally difficult to classify, with its phylo-
genetic affinities changing dramatically between analy-
ses (Prum et al., 2015; Wang et al., 2022; Wu et al.,
2024). If the hoatzin is considered a modern analogue
for ‘wildcard’ dinosaur taxa like Chilesaurus diegosaur-
ezi (Baron & Barrett, 2017, 2018; Novas et al., 2015), it
could suggest that some taxa have relationships that are
intrinsically difficult to resolve regardless of the quality
of data (molecular or morphological) which is available.
However, the initial radiation of dinosaurs appears to
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have been relatively slow. Fragmentary body fossils,
trace fossils and phylogenetic inference suggest that the
earliest dinosaurs had appeared by the Anisian (247.2–
242 mya) but diverse dinosaur faunas are currently only
seen for the first time in the fossil record in the late
Carnian (�227 mya) (Benton et al., 2014; Brusatte
et al., 2010c; Marsicano et al., 2007; Nesbitt et al.,
2013). Moreover, macroevolutionary studies have found
that dinosaur diversity increased steadily throughout
their early evolutionary history, and although there was
a marked increase in disparity, this did not occur until
the Carnian–Norian boundary (Brusatte et al., 2008).
Current evidence suggests, therefore, that the rapid ini-
tial radiation needed to produce a hard polytomy at the
base of Dinosauria did not occur. In fact, it may be mis-
leading to think about the dinosaur origin as a radiation
in its own right; rather, we should perhaps consider
early dinosaurs as an integral part of the wider avemeta-
tarsalian radiation (Padian, 2012).
If we reject the hypothesis that the interrelationships

of the different dinosaur clades are a hard polytomy, an
alternative explanation is needed to account for the con-
tinued lack of consensus around their relationships.
Missing data is at least partially responsible for this con-
tinued instability. Some of these sources of missing data
are impossible to overcome; for example, sadly there
will never be a molecular tree of early dinosaur relation-
ships, which is regrettable as this data source has proved
critical in resolving other areas of vertebrate evolution-
ary history where competing morphological phylogenies
have provided conflicting results – see O’Leary et al.
(2013) with respect to mammalian phylogeny and Rio
and Mannion (2021) for attempts to reconcile multiple
morphological and molecular data sets relating to the
relationships of gharial-like taxa within Crocodylia. The
incompleteness of the fossil record is another source of
missing data, as most early dinosaurs and their closest
relatives are known from extremely fragmentary
remains: for example, the putative earliest dinosaur
Nyasasaurus parringtoni is known from only a partial
humerus and a handful of vertebrae (Nesbitt et al.,
2013), and the silesaurid Amanasaurus is based on the
proximal and distal ends of a single femur (M€uller &
Garcia, 2023). We would expect the earliest-diverging
members of the major dinosaurian clades to have been
less morphologically distinct from each other than their
later descendants: if this assumption is correct, this
would make the accurate assignment of fragmentary
taxa even more difficult. Missing anatomical informa-
tion also makes it hard to distinguish between homology
and homoplasy: for example, it is unclear whether the
traits related to hypercarnivory in herrerasaurids are
homologous with those in theropods or are analogous

traits caused by the convergent adoption of similar diets
(Baron et al., 2017a). A different form of missing data
is caused by the uneven geographical and temporal sam-
pling of relevant taxa, reflecting both the incomplete
nature of the fossil record and anthropogenic biases. For
example, recent discoveries in Africa highlight the
importance of areas outside western Gondwana (South
America) to our understanding of dinosaur and avemeta-
tarsalian evolution (Griffin et al., 2022; Nesbitt et al.,
2013; Peecook et al., 2013). For example, the archosaur
fauna of the Tanzanian Manda Formation contains three
key avemetatarsalian taxa: the earliest ?dinosaur
Nyasasaurus; the most completely known aphanosaur,
Teleocrater; and the silesaurid Asilisaurus (Nesbitt
et al., 2013, 2017a, 2020). Another area that may be
important to our understanding of early dinosaur evolu-
tion is India, with a pair of early-branching sauropodo-
morphs, Nambalia roychowdhurii and Jaklapallisaurus
asymmetrica, and the early saurischian Alwalkeria mal-
eriensis (although chimeric as originally described)
already known from the subcontinent (Novas et al.,
2010; Remes & Rauhut, 2005), although its Triassic
fauna remains understudied compared to those from
southern Africa or South America. It is easy to over-
emphasize the importance of new fossil discoveries
when solving palaeontological problems, although there
are many examples where the discovery of new taxa has
proved pivotal in changing our understanding of dino-
saur evolution (e.g. the dramatic impact of the feathered
dinosaurs from the Jehol Biota on our understanding of
bird origins: Xu et al., 2020). However, the importance
of re-interpreting existing taxa has increasingly been
recognised, especially using modern techniques such as
CT scanning, as recently applied to Scleromochlus tay-
lori (Foffa et al., 2022, 2023). Moreover, several studies
have noted the positive impact of improved sampling, in
terms of additional taxa and character codings for exist-
ing taxa, on phylogenetic tree accuracy, emphasizing the
importance of both new and re-described existing taxa
both in general (Koch & Parry, 2020; Pollock et al.,
2002) and with specific reference to the problem of
early dinosaur relationships (Baron et al., 2017a; Langer
et al., 2017). However, paradoxically, in the case of
dinosaur origins and establishing their early evolutionary
relationships, an influx of new data seems to have
resulted in the destruction of the existing consensus, and
a lack of clarity, rather than enhancing support for the
status quo. New discoveries have contributed to the ero-
sion of the former consensus, as shown by the recent
proposal of the ‘ornithischian silesaurid’ hypothesis
(M€uller & Garcia, 2020; Norman et al., 2022). This is
especially puzzling as missing data is considered one of
the main causes of the current lack of consensus on
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dinosaur relationships. Although these new taxa and
clades have reduced the once wide morphological gulf
between dinosaurs and non-dinosaurian archosaurs, this
progress has also reduced the number of anatomical
characteristics unique to Dinosauria (Nesbitt et al.,
2010, 2017a; Padian, 2012). For example, the descrip-
tion of the aphanosaur Teleocrater rhadinus shifted the
former dinosaur synapomorphy of a supratemporal fossa
on the frontal bone to the base of Ornithodira (Nesbitt
et al., 2017a). This shifting pattern of synapomorphies
and symplesiomorphies has added confusion to early
dinosaur relationships rather than helping alleviate it.
While new data are likely to help resolve early dinosaur
relationships, new data alone will not be sufficient to
resolve this debate. We must then consider whether fac-
tors intrinsic to the methods and data sets in use may be
contributing to, or even causing, the uncertainty sur-
rounding early dinosaur relationships.

Data sets under scrutiny

The current debate on dinosaur intrarelationships is often
simplified to discussion of only two hypotheses, the
‘traditional’ Ornithischia/Saurischia dichotomy (Langer
et al., 2017) vs Ornithoscelida (Baron et al., 2017a).
However, this ignores other possibilities, like the
Phytodinosauria hypothesis, which have received support
in some analyses (Langer et al., 2017; Parry et al., 2017).
An additional layer of complication is the ‘ornithischian
silesaurid’ hypothesis (M€uller & Garcia, 2020; Norman
et al., 2022): although this has only been proposed as a
variation of the Ornithischia/Saurischia topology, it is not
mutually exclusive with the other two hypotheses (e.g. a
topology with silesaurids as early-branching ornithi-
schians within Phytodinosauria). Some studies have
found support for even more radical relationships within
Dinosauria, such as ornithischians nested deeply among
sauropodomorphs or theropods (Baron, 2019). Even if we
ignore theoretically possible but unpublished hypotheses
(e.g. ornithischian silesaurs within Ornithoscelida), at
least six competing topologies (Ornithischia/Saurischia,
Ornithoscelida, Phytodinosauria, ornithischian
Silesauridae, Ornithischia within Sauropodomorpha, and
Ornithischia within Theropoda) have been recovered by
analyses of current data sets.
Prompted by this high degree of uncertainty, two

recent studies have used statistical techniques to evalu-
ate why current early dinosaur data sets produce such
conflicting results (�Cern�y & Simonoff, 2023; Goloboff
& Sereno, 2021). One of these studies applied statistical
techniques developed to identify the causes of phylogen-
etic conflict within phylogenomic data sets, namely a

difficulty measure and a character-wise support metric
(�Cern�y & Simonoff, 2023). The difficulty measure aims
to assess the ‘ruggedness’ of tree space under maximum
likelihood and whether tree topologies will converge on
a single global optimal topology (‘easy’) or several local
optimal topologies (‘difficult’) (�Cern�y & Simonoff,
2023; Haag et al., 2022). Perhaps unsurprisingly, both
the Baron et al. and Langer et al. data sets received
high difficulty scores, suggesting that resolving the
phylogenetic relationships of early dinosaurs using
either data set would be difficult, if not impossible
(�Cern�y & Simonoff, 2023). Character-wise support tech-
niques assess how the support for various hypotheses is
distributed across individual characters in the data set
(�Cern�y & Simonoff, 2023; Shen et al., 2017).
Application of the latter found that these data sets con-
tained many conflicting phylogenetic signals between
characters and included a number of ‘outlier’ characters
that strongly favoured particular hypotheses (�Cern�y &
Simonoff, 2023). Furthermore, the piecemeal re-scoring
of individual character states that Langer et al. (2017)
applied to the Baron et al. (2017a) data set were found
to drastically reduce the stability of the results (�Cern�y &
Simonoff, 2023). However, only 39% of the character
state score differences (across 153 of 457 characters)
between the Langer et al. and Baron et al. data sets
were found to have demonstrable impacts on the recov-
ered phylogenetic tree (Goloboff & Sereno, 2021). The
additional taxa included in the Langer et al. (2017) data
set were found to have a notable impact on the recov-
ered topologies, although they alone were not enough to
recover the ‘traditional’ Ornithischia/Saurischia topology
(Goloboff & Sereno, 2021). Langer et al. (2017)
acknowledged these weaknesses in their data set, noting
that an in-depth analysis of character construction was
needed, and concluded that ‘a more critical evaluation
of characters – how they are defined and scored,
whether they are independent from one another, how
different authors have used them – is the best tool for
untangling the roots of the dinosaur family tree’ (Langer
et al., 2017, p. E2). Although these results suggest that
current phylogenetic data sets are seriously flawed, this
can be viewed in a positive light because it suggests
that it is human errors during data set construction that
are responsible for the current uncertainty around dino-
saur relationships (�Cern�y & Simonoff, 2023). Problems
relating to data set construction and character scoring
are likely to be much more tractable than insurmount-
able issues with the fossil record. The application of
novel phylogenetic methodologies could also play a role
in building this new consensus, for example using fos-
silized birth-death (FBD) process techniques that might
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enable the origins of various clades to be constrained
more accurately (Heath et al., 2014).
In short, it is likely that the different approaches to

character creation and coding taken by researchers when
constructing and modifying phylogenetic data sets are
contributing to the phylogenetic uncertainty around the
base of Dinosauria (�Cern�y & Simonoff, 2023; Langer
et al., 2010). Inevitably, we must consider the possibility
that the cause of this debate may not be wholly or even
largely the result of a poor-quality fossil record, but rather
reflects problems relating to character construction and
sampling, the accuracy of state scores, and issues of taxon
sampling, which affect all current data sets.

The importance of phylogeny

Our understanding of early dinosaur evolution has
changed dramatically in the twenty-first century, with
techniques such as ancestral state reconstruction giving
us an unprecedented ability to investigate the character-
istics of early dinosaurs. Ancestral state reconstruction
enables inference of information lost because of the var-
ied biases inherent in the fossil/geological record, allow-
ing research to predict the integument (e.g. Barrett
et al., 2015; Yang et al., 2019), metabolism (Wiemann
et al., 2022), and even the eggshell structure and colour
of the earliest dinosaur (Norell et al., 2020; Wiemann
et al., 2018). The findings of these ancestral state recon-
structions are not universally accepted: for example, the
soft-shelled eggs predicted by one of these studies has
been challenged (Legendre et al., 2020) and the integu-
ment of early dinosaurs is still a subject of intense
debate (Benton et al., 2019; Campione et al., 2020;
Cincotta et al., 2022; Godefroit et al., 2020; Hendrickx
et al., 2022; Yang et al., 2019). The biggest issue with
this type of study is that a robust, well resolved, and
widely accepted phylogenetic tree is an essential compo-
nent of successful ancestral state reconstruction. If the
phylogeny of early dinosaurs is unstable and unresolved,
as the profusion of hypotheses discussed above illus-
trates, this threatens the validity of the results of all ana-
lytical techniques that need to incorporate information
on dinosaur phylogeny (Baron et al., 2017a; �Cern�y &
Simonoff, 2023; Goloboff & Sereno, 2021; Langer
et al., 2017; M€uller & Garcia, 2020). Some studies have
attempted to overcome this problem by running their
analyses using both the Ornithoscelida and ‘traditional’
topologies (e.g. Felice et al., 2020; Hendrickx et al.,
2022), but not the other topologies available, thereby
underestimating the level of uncertainty surrounding
broad-scale dinosaur relationships (�Cern�y & Simonoff,
2023). An example of the impact of tree topology on

macroevolutionary hypotheses concerning early dino-
saurs relates to reconstructing the ancestral diet of
Dinosauria. A recent study used biomechanical and mor-
phological analyses of dentition to characterize eco-
logical diversity among early dinosaurs: however, it was
unable to conclusively identify the ancestral ecology of
the clade due to uncertain tree topology (Ballell et al.,
2022). Under the Ornithoscelida topology, the ancestral
ecology of Dinosauria was found to be carnivorous; by
contrast, under the ornithischian/saurischian hypothesis,
an ambiguously omnivorous/carnivorous ancestral diet
was estimated (Ballell et al., 2022; see also Barrett
et al., 2010). The ornithischian silesaurid hypothesis fur-
ther complicates matters by adding taxa with carnivor-
ous, omnivorous and possibly insectivorous diets to the
base of the otherwise entirely herbivorous group (Ballell
et al., 2022; see also Barrett et al., 2010). While the
debate over dinosaur relationships continues, with a
range of viable but often radically divergent topologies
in the literature, efforts to test hypotheses about the
macroevolution of dinosaurs will be severely hampered.

A paradigm shift?

The debate around early dinosaur relationships remains
unresolved and we currently lack a robust model for the
clade’s early evolution. It may be worth taking a step back
and asking ‘Do we have any good models for the current
state of this debate?’ (i.e. the collapse of a long-held con-
sensus followed by a proliferation of alternative hypotheses
and conflicting results). We propose that our understanding
of dinosaur phylogenetic relationships is following a
‘paradigm shift’ model, as put forward by the philosopher
Thomas Kuhn, and that we are currently ‘mid-shift’ (see
Fig. 6) (Kuhn, 1962). The Ornithischia/Saurischia para-
digm that had dominated the study of early dinosaur rela-
tionships has been substantially weakened, and may be on
the verge of collapse, but despite considerable research
effort a new paradigm has yet to emerge (Bakker &
Galton, 1974; Baron et al., 2017a, 2017b; Cabreira et al.,
2016; Langer et al., 2017; M€uller & Garcia, 2020; Norman
et al., 2022). It should be noted, however, that this does not
necessarily imply that the new paradigm will be radically
different from the old, as it is still possible that a modified
and/or better statistically supported variation of the
Ornithischia/Saurischia model will become accepted as the
new consensus. By examining past phylogenetic controver-
sies that have gone through a comparable paradigm shift, it
may be possible to make predictions about the future of the
debate. The phylogeny of Sauropodomorpha is an obvious
candidate for such a comparison because, like the debate
around early dinosaur relationships, it focussed on an early
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Mesozoic group with at least some key taxa known primar-
ily from fragmentary material (e.g. Galton & Upchurch,
2004; Sereno, 1999; Upchurch et al., 2007; Yates, 2004,
2007b). The pre-cladistic view was that sauropods emerged
from within ‘prosauropods’, or in cladistic terms the mono-
phyletic sauropod clade emerged from within a paraphy-
letic prosauropod grade (Bonaparte, 1986; Cooper, 1984).

In the 1980s and 1990s, early cladistic analyses found sup-
port for the hypothesis that sauropodomorphs formed two
monophyletic sister groups, Prosauropoda and Sauropoda
(Galton, 1990; Galton & Upchurch, 2004; Gauffre, 1996;
Sereno, 1999), and this created a ’sauropod gap’ equivalent
to the ’ornithischian gap’, with a temporal and morpho-
logical gap between the earliest sauropods in the Jurassic
and the last common ancestor of sauropods and prosauro-
pods. There followed a period of instability where both top-
ologies were recovered (Pol & Powell, 2007; Yates &
Kitching, 2003), punctuated by the description of key new
taxa like Antetonitrus ingenipes, which combined many
plesiomorphic ‘prosauropod’ traits with several derived
sauropod traits associated with graviportal locomotion
(McPhee et al., 2014; Yates & Kitching, 2003). A new con-
sensus emerged with Sauropoda deeply nested within
Sauropodomorpha, with the former ‘prosauropods’ reduced
to a grade of non-sauropod sauropodomorphs (e.g.
Apaldetti et al., 2011, 2013; Upchurch et al., 2007; Yates,
2004, 2007b). Based on this timeline we might expect the
field of early dinosaur research to return to a consensus
within 10–15 years of the ‘starting gun’ being fired, in this
case the proposal of the Ornithoscelida hypothesis in 2017
(Baron et al., 2017a). The problem of early dinosaur rela-
tionships is much more intensely studied than that of early
sauropodomorph phylogeny and this concentrated research
effort may allow this timeline to be accelerated. However,
this may be balanced or even outweighed by the scale of
the problem, not helped by the ever increasing diversity
and disparity of relevant taxa documented above, slowing
the field’s shift towards a new paradigm. It is extremely
difficult to predict exactly when a new paradigm will
emerge.

Conclusions

The exact relationships between the major clades of
dinosaurs remain an open question, but are critical for
understanding their evolutionary history. In recent years,
our understanding of early dinosaur evolution appears to
have moved away from, rather than towards, a consen-
sus. A century-long consensus on the broad-scale phylo-
genetic relationships within dinosaurs has collapsed since

Figure 6. The current state of our understanding of dinosaur
relationships visualized. A, the Ornithischia/Saurischia
paradigm, the long-standing consensus about dinosaur
relationships supported by dinosaur phylogenetic studies until
recently. B, the paradigm is challenged, with the Ornithoscelida
hypothesis of Baron et al. (2017a) providing the first major
challenge to the consensus. C, the paradigm collapses; an
intensive period of research focussed on the problem of broad-
scale dinosaur relationships creates a proliferation of competing
hypotheses. Silhouettes sourced from phylopic.org: Columba
by Ferran Sayol CC0 1.0 (blue), Brachiosaurus altithorax by
Michael P. Taylor CC0 1.0 (yellow), Parasaurolophus walkeri
by Jack Mayer Wood CC0 1.0 (green), and Asilisaurus kongwe
by Scott Hartman attribution 3.0 unported edited (pink).

Table 1. Table modified from the one provided by Seeley (1888a), in which he collated the different nomenclatures proposed for
the internal dinosaur clades up to that time.

Cope (1866) Huxley (1870) Seeley (unknown source) Marsh (1878, 1881, 1882) Cope (1883) Seeley (1888a)
Orders Families Order Orders Orders Orders

Orthopoda Scelidosauridae … Stegosauria Orthopoda Ornithischia
Iguanodontidae … Ornithopoda

Cetiosauria Sauropoda Opisthocoela Saurischia
Goniopoda Megalosauridae … Theropoda Goniopoda
Symphopoda Compsognatha … Hallopoda
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the Ornithoscelida hypothesis was proposed (Baron et al.,
2017a), despite a spirited debate in the literature (e.g.
Baron et al., 2017b; Langer et al., 2017; M€uller &
Garcia, 2020; Norman et al., 2022; Parry et al., 2017),
returning us to a period of uncertainty that mirrors the
early debates on dinosaur intrarelationships. There appear
to be three major competing hypotheses: the ‘traditional’
Ornithischia/Saurischia dichotomy, the Ornithoscelida
hypothesis, and the ornithischian silesaurid hypothesis
(Baron et al., 2017a; Langer et al., 2017; M€uller &
Garcia, 2020). However, this masks the true level of
uncertainty surrounding early dinosaur relationships, with
a wide range of alternative hypotheses receiving at least
some statistical support from current data sets (Baron
et al., 2017b; �Cern�y & Simonoff, 2023; Parry et al.,
2017). There is little sign of a consensus re-emerging:
recent developments suggest that although current data
sets collate a lot of relevant and useful character data,
they are also fundamentally flawed (�Cern�y & Simonoff,
2023). Some studies propose that a complete overhaul of
these data sets is the only solution to this debate (�Cern�y
& Simonoff, 2023; Goloboff & Sereno, 2021; Langer
et al., 2017). It is possible, and indeed necessary, that a
new consensus on broad-scale dinosaur relationships can
be built through improved character construction and cod-
ing, a wider sample of taxa with a focus on non-dinosaur-
ian avemetetarsalians, and an in-depth statistical
evaluation of the resulting data set.
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