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Whereas ornithischian dinosaurs are well known from Jurassic and
Cretaceous deposits, deciphering the origin and early evolution of the
group remains one of the hardest challenges for palaeontologists. So far,
there are no unequivocal records of ornithischians from Triassic beds. Here,
we present an alternative evolutionary hypothesis that suggests consideration
of traditional ‘silesaurids’ as a group of low-diversity clades representing a
stem group leading to core ornithischians (i.e. unambiguous ornithischians,
such as Heterodontosaurus tucki). This is particularly interesting because it
fills most of the ghost lineages that emerge from the Triassic. Following the
present hypothesis, the lineage that encompasses the Jurassic ornithischians
evolved from ‘silesaurids’ during the Middle to early Late Triassic, while
typical ‘silesaurids’ shared the land ecosystems with their relatives until the
Late Triassic, when the group completely vanished. Therefore, Ornithischia
changes from an obscure to a well-documented clade in the Triassic and is
represented by records from Gondwana and Laurasia. Furthermore, accord-
ing to the present hypothesis, Ornithischia was the first group of dinosaurs
to adopt an omnivorous/herbivorous diet. However, this behaviour was
achieved as a secondary step instead of an ancestral condition for
ornithischians, as the earliest member of the clade is a faunivorous taxon.
This pattern was subsequently followed by sauropodomorph dinosaurs.
Indeed, the present scenario favours the independent acquisition of an herbi-
vorous diet for ornithischians and sauropodomorphs during the Triassic,
whereas the previous hypotheses suggested the independent acquisition for
sauropodomorphs, ornithischians, and ‘silesaurids’.
1. Introduction
Discoveries across the world are shedding light on the ancestral anatomy of
dinosaurs and related groups [1–7]. By contrast, recently unearthed skeletons
revealed peculiar combinations of traits that required the establishment of new
phylogenetic interpretations. In response, the traditional phylogenetic relation-
ships of dinosaurs have been challenged [4,8]. Therefore, not all studies agree
with the classical dichotomy Saurischia/Ornithischia and also with the inner
composition of these clades [7–9]. For instance, silesaurids, which are usually
considered as the sister-group to Dinosauria [1], are considered as ornithischians
by some authors [4,10]. Indeed, whereas ornithischian dinosaurs are well known
from Jurassic andCretaceous deposits, the origin and early evolution of the group
remains one of the hardest challenges for palaeontologists. So far, there are no
unequivocal records of ornithischians from Triassic deposits [11].

These phylogenetic disputes and scarce record of ornithischians hamper the
establishment of a reliable framework. However, information on the origin and
early evolution of dinosaurs has improved substantially over the last few years.
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Fieldwork initiated by several researchers has yielded a large
number of new species and fossil material from previously
described species, including nearly complete early dinosaurs
[4,7,12] as well as several dinosaur relatives [4,6,13,14].
Among these discoveries, a lot of new information was
produced regarding silesaurids [6,14,15], a group with the
potential to explain the obscure origin of Ornithischia (see
below) [10]. However, these new data were not combined
into a single dataset. In addition, several characters with
putative phylogenetic significance have not been incorpor-
ated in major phylogenetic datasets. In the present study,
we combine these new data and investigate the phylogenetic
information content as it pertains to the evolution of dino-
saurs. Additionally, we place emphasis on the controversial
relationships between ornithischians and silesaurids.
 Lett.16:20200417
2. Material and methods
The new morphological dataset combines data from different
sources, including those fromCabreira et al. [4] aswell as additional
operational taxonomic units (OTUs), characters and modifications
from other studies [7,8,16–19]. The added OTUs are as follows:
the two unnamed lagerpetids UFSM 11611 and PVSJ 883, Dromo-
meron gigas, Kwanasaurus williamparkeri, Lutungutali sitwensis,
Technosaurus smalli, Soumyasaurus aenigmaticus, Ignotosaurus fragilis,
Fruitadens haagarorum, Echinodon beckelessi, Tianyulong confuciusi,
Gnathovorax cabreirai, Nhandumirim waldsangae, Bagualosaurus agu-
doensis, Macrocollum itaquii, Unaysaurus tolentinoi, Teleocrater
rhadinus, Spondylosoma absconditum, Yarasuchus deccanensis and
Dongusuchus efremovi. The OTUs were coded based on a first-
hand examination, photographs and published literature
[6,7,13,15,19–26]. Furthermore, we scored additional characters
for Dromomeron romeri, Lewisuchus admixtus, Asilisaurus kongwe
and Buriolestes schultzi based on previous studies [5,6,9,12].
Based on previous studies, ‘Marasuchus lilloensis’ was treated as
Lagosuchus talampayensis [27], and ‘Pseudolagosuchus major’ was
combined with Lewisuchus admixtus [5]. In addition, we followed
the reinterpretations regarding the anatomy of Pisanosaurus mertii
by [15]. Finally, morphological characters that support Ornitho-
scelida were incorporated following [8]. The final dataset
included 277 morphological characters and 62 OTUs.

A phylogenetic analysis based on equallyweighted parsimony
was implemented in TNT v. 1.1 [28]. Characters 4, 13, 18, 25, 63, 82,
84, 87, 89, 109, 142, 166, 174, 175, 184, 186, 190, 201, 203, 205, 209,
212, 225, 235, 236, 239, 250 and 256 were treated as additive (i.e.
ordered), whereas the other characters were treated as unordered
(see supplementary materials for details). Euparkeria capensis was
used to root the most parsimonious trees (MPTs) based on a
random addition sequence+tree bisection reconnection, which
included 1000 replicates of Wagner trees (with random seed = 0),
tree bisection reconnection and branch swapping (holding
20 trees saved per replicate). Topologies retained in overflowed
replicates were branch-swapped for MPTs using TBR. The strict
consensus treewas generated using all trees recovered in the analy-
sis and all OTUs. Decay indices (Bremer support values) and
bootstrap values (1000 replicates) were also calculated with TNT
v. 1.1 [28] (see electronic supplementary material, figure S2). In
addition, two constrained analyses were performed adopting the
same parameters of the former analysis. The first constrained
analysis was conducted to access the required number of extra
steps to recover a monophyletic Silesauridae apart from a tra-
ditional Ornithischia. This involved treatment of silesaurids and
core ornithischians as being two distinct monophyletic groups.
Pisanosaurus mertii was set as a floating taxon in the constrained
searches. The second constrained analysis was conducted to
access the required number of extra steps to recover a
monophyleticOrnithoscelida. For this analysis, core ornithischians
and core theropods were considered to be monophyletic.
Pisanosaurus mertii, Eodromaeus murphi, Chindesaurus briansmalli,
Tawa hallae and Daemonosaurus chauliodus were set as floating
taxa. Finally, an ancestral state reconstruction of diet for the first
topology was performed following the same approach by [4].
3. Results
The analysis recovered 36 most parsimonious trees (MPTs) of
985 steps (consistence index = 0.320; retention index = 0.665).
Lagosuchus talampayensis is sister to Dinosauria (figure 1),
which is composed of a traditional Saurischia/Ornithischia
arrangement (see electronic supplementary material for a list
of synapomorphies and electronic supplementary material,
figure S2 for support values). However, the inner affinities of
Ornithischia were unusual. Unlike the traditional placement
of silesaurids as sister-group to Dinosauria [1,8,9,29] or as
sister-group to the core ornithischians [4,7,10], silesaurids
appeared as paraphyletic within Ornithischia. Lewisuchus
admixtus is the basalmost member of Ornithischia, and Pisano-
saurus mertii is the sister taxon to all traditional ornithischians
(e.g. Scutellosaurus lawleri; Eocursor parvus; Heterodontosaurus
tucki). Sulcimentisauria [6] includes all core ornithischians
and silesaurids, except by Lewisuchus admixtus, Soumyasaurus
aenigmaticus and Asilisaurus kongwe. The basalmost member
of the clade is Diodorus scytobrachion. The constrained analysis,
assuming a monophyletic Silesauridae and a traditional
Ornithischia, resulted 117 000 MPTs of 990 steps each (consist-
ence index = 0.318; retention index = 0.663). Here, silesaurids
are the sister-group to Dinosauria, which is recovered in
the classical fashion of Saurischia/Ornithischia dichotomy.
Pisanosaurus mertii is recovered as an ornithischian, rather
than within Silesauridae. The constrained analysis, forcing a
monophyletic Ornithoscelida, recovered 7632 MPTs of 1010
steps (consistence index = 0.312; retention index = 0.653).
Pisanosaurus mertii nests within Silesauridae, which is recov-
ered as the sister-group to a clade composed by Saltopus
elginensis plus Dinosauria.
4. Discussion
Silesaurids have been considered the sister-group to Dino-
sauria by several authors [1,8,29,30]. However, an alternative
hypothesis [31] considered silesaurids as ornithischian dino-
saurs. Subsequently, more comprehensive studies [4,7,10]
have reinforced this hypothesis. In this scenario, silesaurids
are recovered within Ornithischia as the sister-group to typical
ornithischians. In addition,Pisanosaurusmertii, which is histori-
cally recognized as the basalmost ornithischian, was suggested
to be a silesaurid by some authors [15,32]. However, this new
hypothesis regarding the affinities of Pisanosaurus mertii has
not been recovered by subsequent studies [7] that adopt the
dataset of [4], which favours the scenario where silesaurids
are ornithischians. Therefore, the present results provide an
alternative scenario for the Triassic radiation of ornithischians
dinosaurs. Here, traditional silesaurids represent a paraphy-
letic array of low-diversity clades that constitute stem groups
leading to core ornithischians. Based on previous definitions
of Silesauridae as ‘all archosaurs closer to Silesaurus opolensis
than to Heterodontosaurus tucki and Marasuchus lilloensis [33]’
or ‘the most inclusive clade containing Silesaurus opolensis but



Figure 1. Time-calibrated strict consensus tree depicting the phylogenetic position of traditional ‘silesaurids’ with emphasis on the dental characters evolution
within ‘Silesauridae’. Numbers on nodes represent Bremer support values higher than 1. Silhouettes were constructed from the composition of several sources.
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notPasser domesticus, Triceratops horridus andAlligator mississip-
piensis’ [1], in our hypothesis, only Silesaurus opolensis and
Ignotosaurus fragilis are strictly members of the clade. This is
particularly interesting because it fills most of the ornithischian
ghost lineages that emerge from the Triassic. Indeed, the fossil
record of ornithischians from Triassic beds is completely
scarce, with no unequivocal specimens known so far [11].
On the contrary, sauropodomorphs and theropods are well
known, especially from the Norian onwards [2,4,12,25,33].
Following our hypothesis, the lineage that encompasses the
Jurassic ornithischians evolved from ‘silesaurids’ during
the Middle to early Late Triassic, while typical ‘silesaurids’
shared the land ecosystems with their relatives until the Late
Triassic, when the group completely vanished.

The present alternative hypothesis explains the peculiar
mosaic anatomy of Pisanosaurus mertii, which combines traits
present in traditional silesaurids (e.g. possible ankylothecodont
dentition, elongated popliteal fossa of the femur) and
ornithischians (e.g. dorsally expanded coronoid process of the
dentary). The taxon lies along a branch that connects the
traditional silesaurids to core Ornithischia. The paraphyletic
array indicates a gradual acquisition of traits in the branch
that leads to core Ornithischia (see electronic supplementary
material for inner character distribution), and therefore,
Pisanosaurus mertii comprises a key-taxon in this scenario.
New specimens will certainly help in our understanding
of the initial evolution of the group. On the other hand, amono-
phyletic Silesauridae (constrained analysis) is five steps longer,
representing a less parsimonious alternative. The same is true
for a monophyletic Ornithoscelida, which is 25 steps longer.
Nevertheless, the branch support and bootstrap values of the
present topology are generally low (see electronic supplemen-
tary material, figure S2). However, it is not surprising. Low
values occur in other topologies (traditional Ornithischia/
Saurischia split andOrnithoscelidahypothesis) obtained bydis-
tinct datasets [29]. This condition is tentatively explained by
high rates of homoplasy, as the earliest members of the major
subgroupswere very similar in body size andmorphology [29].



Figure 2. Reduced strict consensus tree from the first phylogenetic analysis depicting feeding habits inference from the ancestral state reconstruction analysis.
Silhouettes were constructed from the composition of several sources.
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The dinosaurian affinities of Lewisuchus admixtus is another
interesting result. This taxon shares with sampled dinosaurs a
mediolaterally compressed basipterygoid process of the para-
basisphenoid, post glenoid process of the coracoid extending
caudal to glenoid, pubis length more than 70% of femoral
length, a sulcus on the dorsolateral surface of the ischium,
angled ‘greater trochanter’ of the femur, a transverse groove
on the proximal surface of the femur and a caudolateral
flange on the distal portion of the tibia. In addition, the position
ofLewisuchus admixtusas thebasalmostmemberofOrnithischia
sheds lights on the ancestral anatomy and diet of the clade. The
clade is widely known for their highly specialized herbivorous
diet [34,35]. All the previous hypotheses favouromnivory/her-
bivory as the feeding strategy of the earliest members of
Ornithischia [1,4,8,17]. The only exception is [32], which recov-
ered the faunivorousDaemonosaurus chauliodusas thebasalmost
ornithischian. Even in the studies that support thehypothesis of
silesaurids being ornithischians, the omnivorous/herbivorous
diet was preferred, as these studies recover Asilisaurus kongwe
as the basalmost member [4,7,12]. For some authors [10], the
presence of teeth with sub-triangular crowns and a constricted
root and dentaries with a beak-like anterior tip suggest omni-
vorous/herbivorous diet for Asilisaurus kongwe. On the other
hand, the recurved tooth crowns with finely serrated margins
indicate a faunivorous feeding behaviour for Lewisuchus admix-
tus [4,5]. Therefore, the present topology implies the acquisition
of an omnivorous/herbivorous diet as a secondary step instead
of an ancestral condition for ornithischians (figure 2), similar to
Sauropodomorpha [4,12]. The paraphyletic array reveals a gra-
dual acquisition of dental traits related to an omnivorous/
herbivorous diet across the ‘silesaurids’ toward core
ornithischians (figure 1). For instance, sulcimentisaurs present
large serrations of middle maxillary/dentary teeth forming
oblique angles with the margin of the tooth, a condition
shared with omnivorous/herbivorous sauropodomorphs.
However, the current scenario favours the independent acqui-
sition of an herbivorous diet for sauropodomorphs and
ornithischians during the Triassic, whereas the traditional
hypotheses suggested the independent acquisition for sauropo-
domorphs, ornithischians and silesaurids [1,29]. The same is
true for the scenario that considers Daemonosaurus chauliodus
to be the earliest ornithischian, with silesaurids representing
non-dinosaur dinosauriforms [32]. Therefore, according to the
present hypothesis, ornithischians were the first group of dino-
saurs to adopt an omnivorous/herbivorous diet, whereas
during the Late Triassic, the group shared the land ecosystems
with omnivorous/herbivorous sauropodomorphs. Finally,
during the Jurassic, ornithischians evolved new anatomical
structures that improved their feeding strategies, while sauro-
podomorphs became larger and typical ‘silesaurids’ went
extinct.
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